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Abstract:

In recent years, the number of waiting ships in offshore anchorage has increased owing to several
reasons, such as the port lockdown and increased cargo volumes in maritime transportations.
Moreover, port terminals have ordered ships to stay outside the harbor to prevent mooring
accidents when rough waves are forecasted. Anchored ships have been exposed to dangers owing
to dragging anchors under rough sea conditions, especially those facing the open seas. In this
study, we perform a numerical simulation of anchored ship motions to reproduce the dragging
anchor. Additionally, we further evaluated the anchored ship motions based on underestimated
wave conditions. Lastly, we constructed a novel risk assessment technique for anchored ships to
assess the stranding risk, damage to marine structures, and risk of collision. The stranding risk
was evaluated based on the relationship between the vertical displacement and Under Keel
Clearance (UKC). Damaging risk can be identified from the information of harbor charts. The
risk of collision was quantitatively assessed considering the main influential factors such as
Closest Point of Approach (CPA), and the Ship Domain Overlapping Index (SDOI). Results
showed that the proposed methodology can contribute to port safety and ship operation in terms

of optimal ship routing.
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1. Introduction

Maritime cargo is estimated to reach approximately 15 billion tons by 2050 (Qinetiq et al.,
2013), which indicates that maritime transportation will dominate the world of transportation in
the future (Corbett et al., 2010; Ducruet, 2020). However, several factors, such as the optimal ship
routing to ensure safety, environmental issues, and energy savings by the Energy Efficiency
Design Index (EEDI) enforcement in 2012, could affect safe and efficient transportation. Many
related studies have been conducted to minimize gas emission, fuel consumption, and voyage
time by accurately estimating the loss of speed in rough seas, etc. (Plessas et al., 2018; Zhang et
al., 2019; Du et al., 2021; Sasa et al., 2021). Lockdown measures adopted by various countries
due to the corona virus (COVID-19) pandemic caused difficulties and complications for global
trade regarding maritime transportation (UNCTAD, 2020). According to CNN (2021) and The
New York Times (2021), many ships (around 100 ships) had to stay in offshore harbors for 7-10
days on average due to the increase in maritime transport and the decrease in the number of port
workers, which lead to congestion in offshore anchorage. Furthermore, operational issues when
ships stay in ports or offshore harbors were also affected. Between 1990-2000, many studies were
conducted on moored ship motions to analyze mooring accidents such as the breakage of mooring
lines, fenders, quay walls, and ship hulls, caused by long-period waves around 1-3 min (Van der
Molen et al., 2006; Figuero et al., 2019). Although it is recommended to enforce mooring facilities
in ports to reduce ship motions, very few practice it owing to financial concerns. Therefore, a
weather forecasting service was introduced in some ports such as VLCC, LNG, and coal terminals
as an alternative countermeasure. In these terminals, the berthing schedules are determined
depending on the forecasting systems. The Ministry of Land, Infrastructure, Transport and
Tourism, Japan (MLIT, 2009) recommended operation standards for significant wave heights of
0.3-0.5 m inside the harbor and 0.1-0.2 m for long-period waves. Berthing schedules are
sometimes adjusted to avoid accidents based on the forecasting system and operational standards.
Therefore, ships are ordered to wait at the offshore harbor if rough weather is forecasted (Sasa et
al., 2018 and 2019; Lee et al., 2021). However, the safety of anchored ships under severe weather
has not been considered. Ventikos et al. (2015) and EMSA (2020) reported that approximately 50-
70% of ship accidents occur in port or coastal waters. Sugomori (2010) analyzed several accidents
caused by anchoring operations and demonstrated the need for increased knowledge on anchoring
operations. However, the current optimal ship routing only focuses on the phase of the voyage in
oceans. It makes the total evaluation of ship operations insufficient because safety evaluations
such as moored or anchored ships are not considered.

From these backgrounds, this study is organized as follows. Section 2 presents the related
studies and describes the methodology for safety evaluation. Section 3 presents the numerical

simulation used to reproduce anchored ship motions and describes the algorithms for the risk of



collision. Section 4 summarizes the results of onboard measurement against the 28,000-DWT
class bulk carrier for approximately three years in global sea areas. The period of voyage, offshore
anchoring, and stay inside the harbor was obtained from the measured data. It was noted that the
ship was not on the voyage for approximately 40% of the operation time. Section 5 presents the
simulation results of anchored ship motions for each case and compares them with the measured
ship motions. The forecasting error should be considered to evaluate the emergency operation in
the worst case scenario. Therefore, the simulation of anchored ship motion was conducted if the
wave conditions were assumed as the underestimated results. Section 6 presents the construction
of risk assessment for the anchored ship including stranding, damaging, and collision accidents
in anchorage. In particular, the risk of collision was evaluated by introducing the relative risk
factors with the AIS data. Finally, Section 7 presents the conclusions of this study and subjects

for future research.

2. Methodology for safety evaluation of anchored ships

This section describes the methodology to conduct the safety evaluation for anchored ships
with related studies. Section 2.1 presents the safety evaluation of anchored ship motions in winds
and waves. Section 2.2 summarizes the current accuracy of weather forecasting for winds and
waves. In Section 2.3, the risk of collisions is additionally introduced for safety evaluation of
anchored ships. Based on these points, the methodologies are presented with the main merits of

this study here.

2.1. Safety evaluation of anchored ship motions

Some studies have evaluated the anchored ship motions to simulate the dragging anchor, which
occurs under strong winds during the offshore harbor refuge for typhoons (Inoue, 1981; Kikutani
et al., 1983). However, these studies only considered wind forces. Zou et al. (2012) simulated
anchored ship motions considering wave forces besides wind forces; however, the dragging
anchors under stormy conditions were not analyzed. Sasa and Incecik (2012) studied the anchored
ship motions for a stranded accident offshore harbor facing the Pacific Ocean during the offshore
harbor refuge from a big typhoon. The ship stranded after it had drifted into the coast with the
dragging anchor of long distances. Additionally, the dynamic model of anchor chain forces and
the lumped mass method were introduced to accurately evaluate the mooring forces. Wave forces
are considered as the dominant factor in causing ships to be stranded, given that stranding occurs
due to vertical motions, and the dragging anchor, other than wind forces, can occur due to long
periods of drift forces in irregular sea. The anchored ship motions are compared in each
combination of external forces, such as wind forces, linear and non-linear wave forces in time

domain motion analysis. It was observed that stranding accidents can occur due to combined



external forces among wind forces, and linear and non-linear wave forces. However, these studies
are not widely applied to the safety analysis of ships in coastal sea areas, indicating that the
emergency operation still depends on the intuition of ship masters (Sharpey-Schafer, 1954; Zhang
and Zhao, 2013; Lu and Bai, 2015). As a result, the accuracy of weather forecasting and
knowledge of anchored ship motions becomes inevitable in handling dangerous situations.

Theoretical descriptions of anchored ship motions are shown in 3.1 and 3.2.

2.2. Current accuracy of weather forecasting

Many studies have been conducted on weather forecasting at seas, which have been used to
operate ships and ports (Chen et al., 2020; Lee et al., 2021). Weather forecasting is one of the
most important tools in all ship operation situations and is the fundamental part of optimal ship
routing. Despite the various developments in the weather forecasting technology, it is impossible
to be perfectly accurate, that is, some errors still exist (Natskar et al., 2015; Girolamo et al., 2017).
Chen and Wang (2020) demonstrated that forecasted results are sometimes significantly
underestimated against the measured values, by 1.5-2 times. Considering underestimated weather
conditions can be very dangerous for ships; it is crucial to understand its influence on ships

quantitatively.

2.3. Safety evaluation for risk of collision

Ship motions with dragging anchor are the key factor for evaluating safety for ships in coastal
areas. It is important to reproduce the following points, which are vertical ship motions when
stranding in shallow waters, damaging structures under the seabed such as cables or pipes by the
anchor motion, and collisions with other ships. In the field of maritime transportation, many
studies have been conducted on ship domains to analyze the risk of collision (Fujii and Tanaka,
1971; Kearon, 1977; Coldwell, 1983; Pietrzykowski and Uriasz, 2009; Hansen et al., 2013; Wang
and Chin, 2016). Im and Luong (2019) proposed Potential Risk Ship Domain (PRSD) to evaluate
the potential risk of collision in real time within the Collision Assessment zone. Further, Luong
et al. (2021) developed the Marine Traffic Hazard Index (MaTha Index) to represent the dynamic
waterway risk. The MaTha Index shows the high-risk collision area of the waterway using the
Harbour Traffic Hazard Map. Pietrzykowski and Wielgosz (2021) determined the impact of ship
size and speed to ship domain area based on simulation tests. Various risk assessment models of
autonomous ships in actual seas have been derived to avoid collision of ships (Tam and Bucknall,
2010; Chai et al., 2017; Liu and Shi, 2020). As mentioned, congestion of ships in the offshore
anchorage should be considered given that most collisions occur in coastal areas, especially in the
vicinity of anchorage (Yeo et al.,, 2007; Debnath and Chin, 2016). Burmeister et al. (2014)

proposed a collision model for marine risk assessment in offshore anchorages. The model



estimated the risk of collision based on the function of collision frequency and consequence loss.

In most related models, the ship domain have shown as the ellipse shape due to the effect of
the forward speed of the ship. However, it is not appropriate to analyze the collision risk of
anchored ships with the same ship domain, because the anchored ships have almost zero speed in
case of no drift due to dragging anchors. Liu et al. (2020) proposed a model to identify the risk of
collision in offshore anchorage using the Automatic Identification System (AIS) database to
derive the collision risk index (CRI) between ships in offshore anchorages. To evaluate the index,
parameters such as the Distance at Closest Point of Approach, DCPA, Time to Closest Point of
Approach, TCPA, and the SDOI were considered the main risk factors. Theoretical descriptions
for risk of collision are shown in 3.3.

Fig. 1 illustrates the flowchart of this study. It includes the safety evaluation of anchored ships
in offshore harbors, as part of optimal ship routing. Main merits of this study are summarized as:
* Proposing a novel safety evaluation method for anchored ships, thereby enabling discussion on

the multiple risk factors such as stranding in shallow waters, damaging with marine structures,

and colliding with other ships.

* Predicting the unexpected situation for anchored ships in case of weather forecast failures,
which would enhance the safety of offshore anchorage.

* Proposing suitable methods to estimate the collision risk for the anchored ship, which could

drift in all directions due to unexpected external forces.
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Fig. 1. Flowchart of this study



3. Theoretical description for safety evaluation of anchored ships

This section presents the theoretical descriptions for safety evaluation of anchored ships. First,
the numerical simulation for the anchored ships is described in Section 3.1. Next, the lumped
mass methods is applied to calculate the anchor chain force in Section 3.2. Finally, in Section 3.3,

the collision risk model is illustrated using the various risk factors.

3.1. Numerical simulations for anchored ship motions

Moored ship motions are usually analyzed as the time domain. It is already shown that the time
domain model can accurately reproduce measured moored ship motions in the harbor (Kubo and
Sakakibara, 1999; Shiraishi et al., 1999). Furthermore, the numerical simulation of anchored ship
motions was performed for a ship with a dragging anchor to reproduce the stranded accident
offshore harbor in Japan by considering the linear and non-linear wave exciting forces, as well as
the dynamic chain force (Sasa and Incecik, 2012). The dragging anchor and strand accident were
qualitatively computed if the non-linear wave and dynamic chain forces were considered. For
verification, we compared the measured ship motions with the simulated results. Ship motions

can be obtained as (Cummins, 1962):

=1

6 6 ¢ 6
i=1° "% i=1
= FWV(t) + FSD(t) + FWD(®) (i,j = 1,2,-,6) , (1)

where M is the mass matrix (including the moment of inertia) of the ship, m() is the constant
added mass, L(?) is the memory effect function, C is the restoring force matrix, K is the mooring
force matrix, and X is the displacement vector of ship motions. Subscripts i and j indicate the
mode of ship motions. FWV (t) and FSD(t) are the linear and non-linear wave exciting forces,

respectively, and FWD(t) is the wind force. L(¢) and m() can be expressed as:

Lij(t) = %fow gij(w) coswt dw, (2)

m;j(o0) = p;;(w) + %fooo Lij(t) sinwtdt, (3)

where p(w) and g(w) are the added mass and damping coefficient at the angular frequency w,
respectively. Wave exciting forces were computed from the directional wave spectrum in each

wave frequency and direction. The non-linear wave forces were obtained using the perturbation



deployment method for each frequency of difference (Bowers, 1989). The wind forces were
computed from the irregular wind history, which is the approximated Davenport spectrum. For
the frequency analysis, the hydrodynamic and wave exciting forces were computed using the

three-dimension Green function method (John, 1950).

3.2. Determining the anchor chain force using the lumped mass method

The anchor chain force was simulated using the lumped mass method, a dynamic analysis
model (Walton and Polachek, 1960; Nakajima et al., 1982) that can be applied to situations
wherein the anchor chain is not a straight line, including slack condition. Fig. 2 shows the

geometrical relationships of the forces around the j-th node of anchor chain.

A

Fig. 2. Discrete representation of the anchor chain and its geometrical relationships

Equations pertaining to the motion around the j-th mass point can be expressed as:

FX; =Tjsinaj —Tj_ysinaj_y + fx; j =2~N + 1) , 4)
FY;=T;sinf; —T,_ysinfj_; + fy; § =2~N+1) , 5)
FZ; =Tjsiny; = Tj_ysinyj_1 + fz; = 6; j =2~N +1) (6)

where FX;, FY;,and FZ; are the total forces in the x, y, and z directions at the j-th mass point,
respectively, Tj is the tension at the j-th math point, and a, £, and y are the angles between the j-
th and j+1-th mass points. fx;, fy;, and fz; are the drag forces in the x, y, and z directions at
the j-th mass point, respectively, and §; is the weight in the water at the j-th mass point. The
detail of numerical simulation can be referred to in Sasa and Incecik (2012). The dragging anchor
occurs when the anchor chain forces exceed the holding power of the anchor, expressed as the

equation of anchor motion:



(Mg + mX () + DaXa(t) = Tc(t) — Typ(t) (7N

where T¢, Typ, My, my, and D, are the anchor chain force, holding power, mass, added mass,
and frictional coefficient of the anchor, respectively. Here, m, is defined from an empirical

model (Ura and Toshim, 1980). The holding power of the anchor can be expressed as:

Tyup(t) = wady + wedcle (8)

where w, and w, are the weights of the anchor and anchor chain per length, respectively. A4
and A; are the drag coefficient of the anchor and anchor chain, respectively. The value of A4,
which is 10.0 for mud and 7.0 for sand, depends on the seabed conditions. If the dragging distance

exceeds 2 times the anchor chain length, 1, decreases to 2.0.

3.3. Collision risk index for the anchored ship

Many studies have used the concept of the Closest Point of Approaching (CPA), which is the
closest point between the underway ship and anchored ship, to calculate and analyze the risk of
collision among ships. Fig. 3 illustrates the definition of CPA. The Distance at Closest Point of
Approach (DCPA) indicates the closest distance between two ships, when the target ship arrived
at the CPA in terms of spatial aspect. The Time to Closest Point of Approach (TCPA) indicates
the time taken by a ship to reach the CPA, and represents the risk of collision in the temporal
aspect. Related studies reported that the two factors account for nearly 80% of all factors that
influence the risk of collision (Zhao et al., 2016; Liu et al., 2019). DCPA and TCPA can be
calculated based on the relative distance and bearing between two ships, and the speed of

underway ship as:

DCPA = Dist X sinCpp¢ C)
TCPA =22 X c0s Cpye (10)
t

where Dist and C,,; are the relative distance and bearing between ships, respectively. v, isthe
speed of the target ship. The relative distance and bearing can be estimated based on the position,

bearing, and speed of the ship.



Sailing
(high speed)

AP Anchored Ship
4 (X0, Yo)

Drifted
(very slow speed)

Dist

Underway Ship (x¢, ¢)

Fig. 3. Illustration of CPA between two ships

DCPA and TCPA can represent the risk of collision between two ships. However, the real-
time distance and bearing were not sufficiently included from the concept of CPA. The ship
domain has been widely used and developed to examine the collision risk for maritime traffic
(Fujii and Tanaka, 1971; Kearon, 1977; Coldwell, 1983; Pietrzykowski and Uriasz, 2009; Hansen
et al., 2013; Wang and Chin, 2016). Im and Luong (2019) compared the ship domains of several
studies and proposed the PRSD model by calculating the Potential Collision Risk (PCR). However,
the ship domains have been considered only for the underway ships, and the anchored ships with
low speeds have not been considered. In this study, the ship domain of the underway ships with
the forward speed was considered as an ellipse shape with a distance of 1.35 nm in the forward
direction, and 0.64 nm in the port, starboard, and afterward directions; further, the ship domain
for the anchored ship was considered as the circle shape with the distance of 0.64 nm, as shown

in Fig 4.
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Fig. 4. Applying ship domain for underway ships and anchored ships

Im and Luong (2019) introduced the PCR index to reflect the potential collision risk as the
combination of non-dimensional DCPA and TCPA. The non-dimensional of DCPA and

TCPA were obtained as follows.

Distxsin Cypr _ DCPA

DCPA' = ,
LOA LOA

(11)

TCPA' = Distxcos Cypt _ TCPA , (12)

LOAXD, LOA

where LOA is the ship length overall. The risk diameter R based on the model of Kearon (1977)
and the PCR index of Im and Luong (2019) were calculated as follows.

R =VADCPA'> + TCPA'? (13)
RZ
PCR = e 202 (14)

where A and o are the lateral and longitudinal influence parameter. The value of PCR
indicated the risk of collision in range 0 to 1, indicating that the risk of collision increased as this

value increased.



It was possible to confirm the risk of collision by determining whether these ship domains
overlapped or not (see Fig. 5). If the ship domains overlapped, there may be risk of collision.
However, it was necessary to express the risk of collision as the quantitative values based on the

overlaps.

[

(a) Situation where the ship domains (b) Situation where the ship domains
do not overlap between ships overlap between ships

Fig. 5. Situation where two ship domains overlap

To include the relative distance and direction between ships, the SDOI, was introduced for the
risk of collision (Liu et al., 2019). The value of SDOI could be obtained by comparing the
relative distance of the ships with the safety domain. As the value of SDOI decreased, the risk
of collision increased considering the distance of the ship was smaller than that of the ship domain.

SDOI between two ships was given as:

SDOI = \/(xo_xt)z"'(YO_Yt)z ,
Ro+R:

(15)

where R, and R, were the radius of the ship domains of the own and target ships, respectively.
For the size of the ship domain, different ship domains were applied depending on whether the
ship was an underway ship or an anchored ship (see Fig. 4).

It is necessary to quantitatively express the risk of collision using DCPA, TCPA, and SDOI
between ships. In previous studies, a negative exponential function was used to express the
relationship between three collision factors and collision risk. The CRI between ships can be

obtained as:

CRIDCPA = aD exp(ﬂD X DCPA) ) (16)

CRIrcpa = ar exp(Br X TCPA) (17)



CRIspo; = asexp(Bs X SDOI) (18)

where CRIpcps, CRIpcpsa, and CRIgpo; are the CRI of DCPA, TCPA, and SDOI,
respectively. ap, Bp, ar, fr, s, and Bs are the coefficients for the CRI of DCPA, TCPA,
and SDOI (Zhen et al., 2017). The total CRI of two ships can be identified by combining of
collision risk of DCPA, TCPA, and SDOI linearly, as follows:

CRIrotar = WpCRIpcpa + WrCRIpcpy + WsCRIspor (19)

where wp, wr,and ws are the weight coefficients of each factor. The sum of wp, wr, and wg

is 1 and can be preset depending on the traffic situation or the characteristics of the waterway.

4. Case study : Onboard measurements

In this section, the overview of the onboard measurement systems is presented, including the
analysis of the total ratio of operation phase for the target ship in Section 4.1. The information on
the three case studies is introduced which are staying in offshore anchorage under the rough seas,

in Section 4.2.

4.1. Onboard measurements

In this study, we conducted onboard measurements using the 28,000-DWT class bulk carrier,
which transported general cargo through a tramper, irregular route. Table 1 summarizes the main
dimensions of the bulk carrier. Various parameters pertaining to the performance of the ship
operation were monitored by the onboard measurement system, which comprises the motion
sensor and the nautical instrument, including the navigation and engine information. The main
information of the nautical instrument is the voyage parameters (ship position, ship speed, ship
heading, course, and rudder angle), weather data (wind direction and speed), and the engine
performance data (engine revolutions, engine power, shaft thrust, and fuel consumption), recorded
at 1 s intervals. The motion sensor comprises the inertial measurement unit (NAV440), which
measures the rotation angles (roll, pitch, and yaw), rotation angular velocity, and the acceleration
along the horizontal and vertical axes, recorded at 0.1 s intervals. This study mainly analyzed the
ship position and heading for the anchored ship motions. While the onboard measurement has
been continued from 2010 to 2016, the measured data was unavailable for 2011-2012 and 2014—

2015 owing to mechanical troubles in the PC drives and electric units.



Table 1 Dimensions of the 28,000-DWT-class bulk carrier

Length between perpendiculars 160.4 m
Breadth 272 m
Draft (full loaded/ballasted) 9.82m/4.54m

Several studies have demonstrated that ships encounter 10-15 rough sea conditions during
onboard measurements, and the ship performance and weather conditions were analyzed from
various aspects (Lu et al., 2017; Chen et al., 2021; Jing et al., 2021; Sasa et al., 2021). However,
these studies only focused on the ship operation under voyage in oceans, and hence, the
operational situation when the ship has not been on voyage is not known. The tramper, such as a
bulk carrier, tends to stay offshore harbor longer than the liner, such as a container ship. The stay
period can be roughly divided into the mooring inside the harbor and the offshore anchoring.
While the safe operation of mooring inside the harbor has already been studied (Lee et al., 2021),
only a few studies have evaluated offshore anchoring based on ship motions in waves. This study
clarifies the ratio of operation periods such as voyage, anchoring, and mooring. Furthermore, to
classify the operation, the ship was defined on voyage situation if the speed of the ship was over
1.0 knot. The rest of the time was defined as the stay period. It is necessary to divide into the
anchoring and mooring, and the ship's heading is used for this division. If fixed, the ship is defined
as mooring, and if varied, the ship is defined as anchoring. Additionally, the position of the ship
was checked in port terminals or offshore anchorage. Fig. 6 shows the ratio of the operation period

of the ship.

ENAV ®EANCHOR ®EMOOR

Fig. 6. Total ratio of the operation phase based on the total observation record

As a result, the actual ship status during the voyage was shown as 58% of the total period.
Therefore, to complete the optimal ship routing, the ship operation for the remaining 42% of

anchoring and mooring conditions must be included. This study focuses on the anchored ship



motions when the ship is affected by rough seas.

4.2. Observation cases of offshore anchoring

During the observation period, the ship sailed and encountered rough seas worldwide, as shown
in Fig. 7. The figure also shows the locations of anchorage for these cases. We discuss three cases
on large anchored ship motions offshore harbor in rough sea conditions. The ship had been in
offshore anchorage facing the open seas in each case. In Case 1, the ship anchored on the coast of
Morocco in North Africa, facing the North Atlantic Ocean, and might have waited in offshore
anchorage for 7 days before berthing. Although the reason for waiting is unknown, the sea
conditions were supposedly rough at that time. When at the offshore harbor, the wind speed and
wave height reached approximately 13 m/s and 3.5 m, respectively. In Case 2, the ship stayed in
offshore anchorage of Shanghai Port for 2 days, facing the East China Sea. The wind speed had a
peak value of approximately 15 m/s, and the significant wave height exceeded 3 m. It is known
that larger horizontal motions were measured here, and the ship drifted for nearly 2,500 m. In
Case 3, the ship had been anchoring offshore for 6 days on the southwestern coast of Australia,
facing the Indian Ocean. During anchoring, the wind speed and wave height reached 18 m/s and
3.5 m, respectively. A low pressure was detected, considering the swirling of wind vector was

visible in the distribution of winds, as shown in Section 5.1.

Fig. 7. Ship trajectory during the observation period, and the geographical location for

each observation case

5. Case study : Simulation of anchored ship motions
This section discusses the three cases of anchored ship motions based on the measured and
simulated results. First, the measured ship motions were reproduced based on the numerical

simulations in the previous section to validate the accuracy. Furthermore, we confirm the



reliability of the numerical simulations based on the comparison in each case. Second, the
anchored ship motions were simulated assuming the wave height was underestimated. Failed
forecasting results can sometimes result in very dangerous situations for ships (Sasa et al., 2014),

which could still happen using the current technology of weather forecasting.

5.1. Weather conditions of case studies

Many studies have used the WaveWATCH III (WW3 model; version 4.18) model as the third-
generation phase-averaged wave model for the wave hindcasts simulation (Booij and Holthuijsen,
1987; Tolman, 1989 and 2014). Wind input was the most dominant factor in the wave simulation,
and there were several kinds of wind input with various spatial and temporal resolutions. Two
major databases, the National Centers for Environmental Prediction Final, NCEP-FNL, and the
European Center for Medium-range Weather Forecasts Interim Reanalysis, ERA-Interim, were
used. Many studies have discussed the validity of wave simulation depending on the wind input
sources. Stopa and Cheung (2014) showed that the ERA-Interim wind input generally
underestimates the wind speed and wave height. Campos and Guedes Soares (2016) demonstrated
that the ERA-Interim wind input resulted in certain underestimation under extreme conditions.
Chen et al. (2020) compared the wave simulation results with different wind inputs based on the
ship motion calculations. It was found that the NCEP-FNL showed better performance than ERA-
Interim for ship routing. Therefore, in this study, the wave simulation was performed using the
NCEP-FNL wind input to accurately replicate the rough waves. The WaveWATCH 1II is a
directional spectrum model, and the directional interval is defined as 10°, which covers 36
directions. The range of wave frequencies is set from 0.0345-1.17 Hz and defined by a
logarithmic frequency factor of 1.1 for 38 steps. Additionally, to initiate the simulation, a spin-up
simulation was performed starting from 1 month ago till the start time in each case. Directional
wave spectrum was obtained by solving the equation of motions for defined grids. Distribution of
the significant wave height, wave direction, and wave period can be determined from the
directional spectrum in each grid. Figs. 810 show the distribution of wave height in each case,
where the ship position is indicated by the red circle. The red and black arrows represent the wind

and wave directions, respectively.
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Fig. 8. Case 1: Variations in the weather conditions near Morocco (December 03-07, 2010)
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Fig. 10. Case 3: Variations in the weather conditions near Australia (August 06-10, 2015)

The above figures show the existence of strong winds and rough waves in each case. In Case
1, strong winds and waves were observed up to anchorage on the Moroccan coastal area,
influenced by a low pressure located approximately 2,000 km west from the anchorage, as shown
in Fig. 8. The main wave and wind directions were estimated as Southwest (240-270°) and from
South to Southwest (180-240°), respectively, at the maximum wind speed of 12 m/s. Under the
weather conditions, the anchored ship was dragged to the northeast.

In Case 2, higher waves exceeding 10 m were observed near the Philippine coast, where a
typhoon was located, as shown in Fig. 9. Another high wave was observed offshore the Chinese
coast. The wave was generated due to a rainy front from China to Japan instead of the typhoon
far from China. The rough sea could threaten the safety of all ships near Shanghai Port, including
the anchored ship. Considering the main directions of the waves and winds were almost the same,

Northeast (40-60°), the anchored ship might be dragged to the southwest.



In Case 3, higher waves propagated as swells from the Antarctic, whereas the main wave
direction was from Southwest to West (240-270°), as shown in Fig. 10. Additionally, the main
wind direction was from the Southwest (approximately 240°) at the maximum wind speed of 10
m/s. The wave simulation results showed that the anchored ship may have encountered higher
swells and winds, resulting in violent ship motions. Figs. 11-13 compares all three cases for
variations in the significant wave height, main wave direction, wind speed, and the wind direction

near anchor ship positions.
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Fig. 13. Case 3: Variation in the weather parameter (August 06-10, 2015)

5.2. Validation of anchored ship motions

We computed the anchored ship motions for the three measured cases to validate the accuracy
of the numerical simulations described in Section 3. Environmental conditions of wind waves
were numerically simulated using the WaveWATCH III with NCEP-FNL database. Then,
anchored ship motions were conducted based on these environmental conditions. The main
dimensions of the ship and the anchoring situation are shown in Sections 4.1 and 4.2, respectively.
The anchor type used for simulation was AC-14, with a weight of 5.51 tons and anchor chain
diameter of 66 mm with the weight per unit length of 0.1045 tons. Table 2 summarizes the

simulation period, location, loading conditions of the ship, seabed materials, and the water depth.

Table 2 Loading conditions, seabed material, water depth, and simulation period

Loading Seabed Water
No. Simulation period Location
condition material depth
From 12:00 Dec 3 to Jorf Lasfar, Gravel and
Case 1 Ballasted 40 m
04:00 Dec 6, 2010 Morocco sand
From 7:00 May 23 to Shanghai, Mud and
Case 2 ) Fully loaded 29 m
04:00 May 24, 2011 China sand
From 12:00 Aug 6 to Bunbury,
Case 3 i Ballasted Sand 23 m
14:00 Aug 10, 2015 Australia

The loading condition was ballasted in Cases 1 and 3 and fully loaded in Case 2. The left-hand
side figures in Fig. 14 show the simulated results of the ship track on the gravity point, and are
compared with the measured results. The right-hand side figures show the analyzed results of the

drifted distance with horizontal ship motions from the initial ship position.
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Fig. 14. Comparison of the ship track and the drifted distance from the initial position

between simulation (Red) and measurement (Black, blue)

The simulated and measured ship tracks are indicated by the red, black, and blue lines,
respectively, in the left-hand side figures in Fig. 14. The origin of ship tracks is defined as the
initial position of the anchored ship for each case. The simulated and measured drifted distances
from the initial ship position are indicated in red and black lines, respectively, in the right-hand
figures. Herein, we can observe that the dragging anchor occurs by comparing the drifted distance
and the anchor swing circle. The diameter of the anchor swing circle is similar to the length of the

anchor chain (Gao and Makino, 2017), which has been recommended based on the formula



(Length of anchor chain =4 X water depth + 145 m) for stormy weather (MAIA, 2006). The
anchor swing circles are indicated for each case by green lines in the right-hand side figures. We
can say that the ship drags her anchor when the drifted distance is greater than the anchor swing
circle.

Case 1 shows that the ship drifts approximately 200 m in the initial 2 days, indicating that the
ship does not drag her anchor given the drifted distance is less than 305 m of the anchor swing
circle (=4 X 40+ 145). On the last day (5 December 2010), the ship drags her anchor, indicating
that the drifted distance was over 400 m. The measured ship track showed that the ship
continuously pushed towards the northeast, which coincides with the simulated ship track, as
shown in Fig. 14 (A-1). Furthermore, a good agreement was observed between the simulation and
measurement results, with final drifted distances of approximately 400 m and 420 m, respectively,
as shown in Fig. 14 (A-2).

Unlike the other cases, the anchor swing circle was not visible at all in Case 2, and the ship
only drifted for approximately 2,500 m. Therefore, from the analyzed result of measured data, we
can assume that the dragging anchor occurred considering the ship did not use the main engine at
that time. As the ship drifted near the entrance of fairway, it used the main engine to move back
to the original anchoring position, as indicated by the blue line in Fig. 14 (B-1). Before the ship
uses the main engine, the simulated ship track follows the measured ship track, which is drifted
to the southwest. The simulated and measured total distances from the origin were 2,300 m and
2,500 m, respectively, as shown in Fig. 14 (B-2). However, some major differences were observed
between the simulated and measured results. According to the measured data, the dragging anchor
occurred dominantly in the initial 1 h. From the total distance of 2,500 m, the main dragging of
1,700 m was observed in the first 1 h, whereas the remaining 800 m was observed in the last one
hour. In contrast, the drifted distance of the simulated results showed that the ship continued to
drift for 2,500 m. Although the tendency of dragging between the simulation and measurement
results was different, the direction and distance of the dragging situation can be reproduced using
the simulation model.

During the initial days of Case 3, the measured ship track followed the range of the anchor
swing circle, as shown in Fig. 14 (C-1). Furthermore, the drifted distance from the anchor circle
coincided with the diameter of the anchor swing circle at that time as shown in Fig. 14 (C-2). On
08 August 2015, the drifted distance was greater than the diameter of the anchor swing circle,
indicating that dragging anchor has occurred. At that time, high waves exceeding 3 m propagated
along with the ship position, as shown in Figs. 10 and 13. It is obvious that the large horizontal
ship motions were influenced by the strong waves. On comparing the measured and simulated

ship tracks for Case 3, it was found that the simulation results were overestimated, which was



approximately 800 m and 550 m of the drifted distance in simulation and measurement,
respectively.

The simulation model in this study showed errors of approximately 50 m, 200 m, and 250 m in
the drifted distance in Cases 1, 2, and 3, respectively, which can be attributed to errors between
the simulations and measurements. One of the main reasons is the uncertainty of the wave
simulations, which could not accurately replicate the weather condition. Owing to this, errors may
have occurred in the anchored ship motions. Although the simulation model of anchored ship
motions showed differences, the anchored ship motions were reproduced well by this model and
coincided with the direction and tendency of the measured ship tracks. Especially, the model was
able to reconstruct the presence of the dragging anchor, and accurately detect the time and

direction of the dragging anchor.

5.3. Comparative simulation of the anchored ship motions in case of weather forecasting
failures

Several studies on the weather forecast have demonstrated the errors and uncertainties of
weather forecasting systems (Girolamo et al., 2017; Chen and Wang, 2020). The uncertainties of
weather forecasting can endanger marine operations considering the operations are planned and
conducted based on the weather forecasting information to minimize the risk under rough seas.
(Natskar et al., 2015). Therefore, it is essential to recognize the uncertainties of weather forecasts
for the safety analysis of the ship operation pertaining to optimal ship routing.

To investigate the differences based on the weather forecasting failures, it is necessary to
conduct further simulations for the anchored ship motions, with 2-3 times the wave height for
more severe weather. Fig. 15 shows the variations in the actual waves and waves that are 2—-3
times higher than the significant wave height for each case. “U-17, “U-2”, and “U-3” represent
the significant wave heights for the actual wave condition, 2—-3 times of the underestimated wave
conditions, indicated by black, blue, and red lines, respectively. For these simulations, the wave
forces were only changed based on the significant wave height. The other weather conditions,

such as the wave direction, wind speed, and direction were not changed.



(A) Case 1
12

| —H,UD [~ AN ]
— H: z(U-2) / \/\

B[ — Hy3(U-3)

ﬁ
\
/,
/

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ——
T
0
2 3 4 5 6 7 8 9
Time from 0:00 Dec 2, 2010 (Day)
(B) Case 2
12
______________________________________________________________ — Hy(U-D |
— Hy;3(U-2)
8 — Hy3 (U-3)-

Hy; (m)

22.0 225 23.0 235 24.0
Time from 0:00 May 22, 2011 (Day)
(C) Case 3
12 T
_______ —Hu@Uy ]
— H;3(U-2)

L — 3 (U-3)

Hyj; (m)

Time from 0:00 Aug 5, 2015 (Day)

Fig. 15. Variations in the significant wave height of each case

Fig. 16 shows the simulated results of the ship track on the gravity point under different wave
conditions. Furthermore, the analyzed results of the drifted distance with horizontal ship motions
from the initial ship position are shown in the right-hand side figures of Fig. 16. The simulated
results under U-1, U-2, and U-3 conditions are indicated by black, red, and blue lines, respectively.

The origin of ship tracks was defined as the initial position of the anchored ship for each case.
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Fig. 16. Comparison of the simulated ship tracks and the drifted distances from the initial

position under different wave conditions

In Case 1, the drifted distance from the initial position was less than 500 m under U-1 condition.
Larger horizontal ship motions were observed under the more severe waves. The distance reached
1300 m and 1800 m under U-2 and U-3 conditions, respectively, indicating that the wave height
significantly influenced the anchored ship motions. The main wave direction was from the
southwest (240-270°), and hence, contributed to the horizontal ship motions in the northeast
direction.

The measured data of Case 2 showed that the ship used the main engine after drifting for

approximately 2,500 m. Herein, the simulations were conducted assuming the ship was



continuously exposed to rough seas without using the main engine. The ship drifted for
approximately 5,000 m under U-1 condition, which increased to 6,200 m and 8,000 m under U-2
and U-3 conditions, respectively. If the ship approached the fairway, it might encounter a
dangerous situation.

In Case 3, the ship drifted for approximately 800 m under U-1 condition, which increased to
2,000 m and 5,000 m as the height increased under U-2 and U-3 conditions, respectively. It is
obvious that the ship motions were not proportional to the wave heights, indicating that the high
waves implicated large horizontal ship motions although the anchored ship motions were irregular,

non-linear to the wave height. This point needs to be investigated further in future studies.

6. Results and discussions

In this section, the potential risk of the anchored ship was newly evaluated for the entire safety
of offshore anchorage. Although anchored ships are usually defined as fixed and immobile
structures, the ship can drift for more than a nautical mile in rough seas. Therefore, to construct
the risk assessment for the anchored ships, it is necessary to identify the risk in anchorage.
Furthermore, the potential risk factors for anchored ships should be identified and analyzed
depending on the accident reports and previous studies (Sugomori, 2010; Sasa and Incecik, 2012;
Debnath and Chin, 2016; Gao and Makino, 2017). While previous studies only concentrated on
stranding, this study presents the novel risk assessment method for anchored ships while including
various parameters such as shallow depth, marine structures, and traffic situations, as shown in
Fig. 17.

The variables of potential risk can be verified by analyzing the data using the navigational
harbor chart for each case in Section 6.1. Furthermore, the historical AIS data, which can
sufficiently explain the marine traffic situations, was used to further investigate the risk of

collision in Section 6.2.
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Fig. 17. Flowchart of the novel risk assessment method for anchored ships

6.1. Safety evaluation of the anchored ship by the harbor chart

It is crucial to obtain fundamental information such as water depths and obstacles to identify
the accident of damaging marine structures and stranding to shallow water. The fundamental
information can be obtained from the harbor charts, as shown in Fig. 18.

Damaging accidents usually occur by contact with the dragged anchors to marine structures
installed on the seabed, such as pipelines or cables. Initial anchor positions and drifted ranges
from the simulated results are marked for each case in Fig. 18. The black, blue, and red circles
indicate the range of simulated ship tracks under U-1, U-2, and U-3 conditions, respectively. Fig.
18 also shows that there are no marine structures around the ship trajectories in all three cases,

indicating the relatively low risks of damage to marine structures by the dragging anchor.
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Standing accidents occur owing to the relation between the Under Keel Clearance (UKC) and
the vertical displacement due to heave, pitch, and roll motions. The UKC is decided based on the
relation between draft and water depth. It is obvious that the minimum water depths are
approximately 40 m, 20 m, and 15 m at the farthest drifted position in Cases 1, 2, and 3,
respectively, as shown in Fig. 18. To evaluate the stranding accident, the UKC is calculated as
(Sasa and Incecik, 2012):

UKC(t) = Wy — D — (% - MG) sin X, (t) — Zsin X5(t) — X;(¢) (20)

where Wp is the minimum water depth, D, L and B are the draft, length, breadth of the ship,
respectively. MG is the distance between the gravity point and midship. X5(t), X,(t), and
Xs5(t) are the vertical ship motions of heave, pitch, and roll, respectively. Fig. 19 shows the
calculated results of UKC.
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Fig. 19. Calculated under-keel clearance at the minimum water depths for each case



The stranding risk is determined by the UKC. If the UKC value reaches 0, the ship might be
stranded by the shallow water. As shown in Fig. 19, the minimum UKC has adequate margins of
approximately 32 m, 8 m, and 8 m from the seafloors in Cases 1, 2, and 3, respectively, which
indicates that there are relatively low risks of stranding. Although the ship drifts more than a
nautical mile, it is obvious that the ship might not be in danger of stranding or damage based on

the chart information and UKC calculations.

6.2. Safety evaluation of the anchored ship using AIS data

To further investigate the collision risk of the anchored ship, it is essential to figure out the
marine traffic characteristics with the historical AIS data. Although historical AIS data is
purchased from the exactEarth Ltd., the amount of dynamic information (position, speed, heading,
etc.) is less in Cases 1 (2010) and 2 (2011), making the analysis very difficult. Therefore, only the
risk of collision for Case 3 (2015) was evaluated.

The AIS data for Case 3 was analyzed for 3 days from August 7 to 9, 2015, when the rough sea
condition prevailed. The safety of the anchored ship was evaluated in the area between 115.50° E
to 115.67° E longitude and 33.20° S to 33.32° S latitude. Approximately 13 ships enter or depart
the harbor, as shown in Fig. 20.
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Fig. 20. Historical AIS data for all ships in Case 3 during 07-09 Aug, 2015

In Case 3, 3 ships approached the anchored ship within the distance of 2,500 m, which can
cause a higher risk of collision. Trajectories of the 3 ships varied for 3 days, as shown in Fig. 21.
“Own ship” represents the bulk carrier that was measured and simulated in the previous section.
“Ships (A), (B), and (C)” represent the ships approaching the “Own ship”. Ship (C) drops its
anchor after passing the own ship at the distance of 1,425 m and stays for nearly 3 days with little
movement. On August 9, ships (A) and (B) approached the own ship at distances of 2,275 m and



1,310 m, respectively. Ship (A) entered the harbor after passing there. Particularly, high collision
risk was expected with ship (B), considering ship (B) stayed with an anchor within a nautical mile
from the Own ship. Although anchored ships are usually defined as the stationary subjects
(Debnath and Chin, 2016; Liu et al., 2020), it is necessary to consider the drifting speed owing to
the dragging anchor.
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Fig. 21. Relationship with between the own ship and the closest three ships

6.3. Result of collision risk for the anchored ship

The risk of collision was estimated from the simulated results of anchored ship motions. When
the weather forecast was underestimated, as shown in Section 4.3, the drifted distance increased
from 800 m under U-1 condition to 5,200 m under U-3 condition. Fig. 22 shows the variations in
the PCR and CRI of each ship (Ships [A], [B], and [C]) under different wave conditions (U-1, U-
2, and U-3 conditions).
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Fig. 22. Results of the total CRI for each ship

The collision risk with ship (C) increased to approximately 1.0 day when it passed the anchored
ship at a distance of 1,425 m (0.77 nm). Then, ship (C) dropped the anchor near the own ship (the
anchored ship), and the value of PCR and CRI was less than 0.2 after the peak value at
approximately 1.0 day. Furthermore, ship (A) passed the own ship at a distance of 2,275 m (1.23
nm) on around 2.1 day. Ship (A) did not stay near the own ship, indicating that the value of PCR
and CRI only increased around 2.1 days, and was almost zero for the rest of period. Ship (B)
passed the own ship at a distance of 1,310 m (0.71 nm) at around 2.7 days. The collision risk of
ship (B) was expected to be higher, especially for the underestimated cases (U2 and U3
conditions), considering the own ship (anchored ship) had drifted for 2,000 m to 5,200 m (1.08 nm
to 2.81 nm) owing to the dragging anchor towards ship (B). This increased the value of PCR (from
0.4 to 0.9) and CRI (from 0.6 to 1.1) of ship (B) under U-2 condition. However, the value of PCR
decreased to zero and the value of CRI decreased to 0.3 under U-3 condition, irrespective of
whether the wave height was three times underestimated. As Fig. 16 (C-1) shows, the drifted
distance under U-3 condition was approximately 5,200 m (2.81 nm). Therefore, the own ship
(anchored ship) had already passed the area before ship (B) arrived at the anchorage. Fig. 23

shows the comparison of the maximum values of PCR and CRI.
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Fig. 23. Comparing each ship’s maximum PCR and CRI values

The results of PCR and CRI showed that the risk of collisions increased as the weather
worsened, with a few exceptions. The collision risk with ships (A) and (C) increased as the
weather conditions worsened, especially in U-3 condition (three times the wave heights). This
indicated that the drift due to dragging anchor could increase the risk of collision, even in the
anchoring situation. However, there was a difference in the results of collision risk with ship (B)
in U-3 condition. The value of PCR with ship (B) was almost 0.0, while the value of CRI was
approximately 0.3, showing the risk of collision. As mentioned, the own ship had already passed
the route of ship (B) in U-3 condition, which reduced the risk of collision in terms of DCPA and
TCPA. The calculation of PCR could not reflect the relative distance between ships because it
was based on DCPA and TCPA. Since the anchored ship could drift in all directions due to
unexpected external forces, the CRI method including the relative distance and bearing was more
reliable than the PCR method in case of offshore anchorage.

Results of collision risk showed that anchored ship motions were inevitable for accurately
evaluating the collision risk in offshore anchorage. However, there are very few studies on the
collision risk considering anchored ship motions. Furthermore, the safety evaluation of offshore

harbor is essential, besides the safety in voyage and harbors, as part of the optimal ship routing.

7. Conclusions

Optimal ship routing is the key foundation to the safety of ship operations, including sailing in
the ocean, mooring inside the port, and anchoring outside the harbor. However, very few studies
have considered the anchoring status in optimal ship routing. Furthermore, it is necessary to
develop safety measures for anchored ships in underestimated weather conditions, given that
anchored ships have been exposed to accident risks such as stranding, and collision with other
ships under rough seas. Stranding can be evaluated by the UKC based on the water depth, the
draft of the ship, and the vertical ship motions. Furthermore, the risk of collision should be

considered simultaneously. The anchored ship should be treated as a movable object with a



dragging anchor. In this study, we simulated anchored ship motions to validate the results with
the onboard measurement results. Furthermore, additional simulations were conducted under
underestimated wave conditions. The risk of collision was evaluated using the AIS data and
anchored ship motions. The main conclusions of this are as follows.

(1) For the simulation of anchored ship motions, the directional wave spectrum can be given
as the computation of the WW III model with NCEP-FNL wind source. The anchored ship
motions can be reproduced using the directional wave spectrum and showed good agreement with
the onboard measurement results. It quantitatively shows how the anchored ship motions and
drifted distance increase with underestimated wave conditions.

(2) A novel risk assessment for anchored ships were constructed, which included the risk of
stranding in shallow waters, damaging structures on the seabed, and the risk of collision with
neighboring ships. The stranding was evaluated based on the relation between the estimated UKC
owing to the vertical motions and water depth. The damaging accidents were evaluated based on
the existence of obstacles near the simulated ship position.

(3) The index for the risk of collision was evaluated based the factors such as the DCPA, TCPA,
and SDOIL. It was observed that the drifting of the ship strongly influenced the risk of collision.
The risk of collision increased simultaneously if the drifted distance increased as the
underestimated wave condition worsened. However, the risk of collision decreased for one of the
ships near the anchored ship, even if the underestimated wave height was 3 times higher. This
indicated that the risk of collision depends on the relationship between time-varying anchored
ship motions and the surrounding traffic situation.

(4) Anchored ships should be treated as drifting object when ships drift over the swing circle
of anchoring. This should be considered in future studies on collision risk. Furthermore, it is
necessary to apply the methodology of this study to other ship types and sea areas to develop
optimal ship routing.

However, the proposed risk assessment still had some limitations. Here, the potential risk for
the anchored ships was individually evaluated with the three aspects (i.e., stranding, damaging,
and colliding). It was necessary to express the total risk index to evaluate the offshore anchorage.
Furthermore, the safety evaluation was conducted with the one target ship, applying to the three
anchorages. Therefore, it is necessary to include the various type and size of ships and port

terminals to standardize the risk level in the future study.
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