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One critical aspect of a progressive flooding scenario on a ship is that its crew is uncertain regarding
the water ingress rate. Furthermore, the calculation of residual ship stability and structural strength
may be very challenging in the absence of ship-specific software. For this reason, this paper presents
a decision-making methodology to deal with the option of an early abandoning of a bulk carrier in
a flooding emergency. This study used a review of 25 cases from 15 years involving bulk carriers
for hazard analysis. Then, a simulation was carried to four ships to identify the changes caused by
progressive flooding of various cargo holds in the ship’s trim, allowable strength and the time allowable
to react. The importance of the ballast pump and water ingress alarm maintenance was also shown. The
methodology is useful for ship operators to prepare ship-specific flooding contingency plans for crew
familiarization in dealing with uncertain conditions.
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1. Introduction.

Flooding of a ship is one of the most catastrophic scenarios
a ship crew may experience. Despite new ship designs, it ap-
pears to be a significant maritime peril. In a similar study, an
examination of EU data in the period 2014-2021 showed that
5.7% of injuries mainly occurred during flooding/foundering
(EMSA 2022). Other risks in case flooding of a vessel occurs
in a port or a canal where limited resources or repair facilities
exist, both ship and port may be subject to commercial damages
due to delays. The risk of pollution also applies to most cargo
onboard ships.

The flooding may result from other emergencies, such as
grounding and collision (Eliopoulou et al., 2023). From 2011-
2020, grounding was one of the most common causes of bulk
carrier casualties, of which 11.8% led to flooding resulting in 4
losses of life (Nwigwe and Kiyokazu, 2022). There are some
critical points to consider when flooding initiates on a ship. The
first is the flooding progress that will impact the loss of stability
and structural strength. The ship’s exposure to severe weather
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conditions will negatively affect flooding and cause sloshing in
the cargo hold (Gao et al., 2011). If a bulk carrier is loaded, the
cargo material may affect water ingress depending on its per-
meability. Experimental studies have shown the significance of
permeable volume in flooding scenarios (Vassalos et al., 2022).
This permeability is considered for damage stability per rules,
typically 0.7 for dry cargo space (Prabu et al., 2020). However,
it is common for bulk carriers to sail with empty cargo holds,
making them riskier than other types of ships if flooding occurs.
(Gao et al., 2011).

During a flooding emergency, the master must make diffi-
cult decisions that seriously impact passenger and crew safety
(Braidotti and Mauro, 2019). One of the options is to abandon
the ship. There are many factors to consider when deciding to
abandon a ship. Some include the weather, the proximity of the
ship to other ships or ports, and the availability and maintenance
of equipment. Current regulations require ships to have a Ship-
board Marine Pollution Emergency Plan (SOPEP) dealing with
ship emergencies (Kayisoglu et al., 2022). However, although
SOPEP includes flooding, it refers to it as a static condition
and does not consider the dynamics of an environment, par-
ticularly the time constraints (Karahalios, 2017). IMO (2004)
has issued guidance for abandoning bulk carriers, as shown in
Table 1. Among the issues dealing with the guide, trim and
freeboard changes are mentioned, although they are difficult to
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be assessed.
Within this context, the aim of this paper is to provide a

decision-making methodology to reveal thresholds in a ship
flooding scenario. In this section, it is explained the necessity to
research flooding risk and its consequences, especially for the
loss of life. Therefore, the methodology is presented in the fol-
lowing third section and the justification for its choice. Then, in
section 4, data analysis is presented, demonstrating the applica-
tion of the method in four ships. In section 5, a discussion of
this research’s original contribution is presented. Finally, con-
cluding remarks and suggestions for future research and appli-
cation are shown in the last section.

Table 1: IMO Abandon Criteria for Assessing Flooding.

Source: Author.

2. Literature review.

There have been various studies dealing with ship flood-
ing emergencies. As per EMSA (2022), there are two types of
flooding Progressive when if the water flow is gradual and Mas-
sive. The flooding rate will depend on the size of the hull breach
and the depth under the waterline (Rodrigues et al., 2015). Yet
it may be impracticable for the crew to inspect the breach hull’s
location and size, making calculating the flooding rate very
challenging. Therefore, when dealing with a flooding emer-
gency, it would benefit the ship’s master and other decision-
makers to simulate a condition with actual data. Several exam-
ples of real-time decision support systems are discussed in the
literature (Liu et al., 2022; Braidotti and Mauro, 2019; Braidotti
and Mauro, 2020). However, at the moment, ships are equipped
with a loading computer intended to calculate intact stability
conditions. The amount of water ingress can be considered an
additional load in the respective compartments for the actual
loading condition (Liu et al., 2022).

In some cases, a loading computer can also provide dam-
age stability calculations. Yet, the current requirements do not
include such advanced software for dynamic conditions like
flooding. Ships also have stability manuals required to provide
structural stresses under different loading conditions. However,
shear force (SF) and bending moment (BM) are affected by
buoyancy distribution, trim and still water loads (Gaggero et
al., 2017). The weight distribution is also essential for achiev-
ing a desired trim of a ship and preventing it from sinking due to
structural failure. For instance, a study for bulk carriers showed
that the alternate hold loading condition that the hogging bend-
ing moments and ultimate strength are reduced by 20% and
37%, respectively (Jagite et al., 2022). One option is the ap-
pointment of an emergency response service (ERS), which may
respond when it is too late for the crew.

One option for the crew is to calculate the changing ship
weight distribution. Many types of ship weight distribution
methods involve longitudinal load distribution in still water con-
ditions (Ugodo et al., 2019). There are several approaches to
calculating buoyancy force distribution and weight calculations
(Cepowski et al., 2019). However, such approximate methods
are subject to errors in a range of 6-9% for bending moment
and shearing forces (Ivanov et al., 2017). Additionally, for dry
bulk carriers, still water loads are subject to uncertainty beyond
class rules due to complicated loading conditions (Gaggero et
al., 2020).

In the case of one isolated compartment flooding, one criti-
cal action from the crew is to pump out the seawater. The flood-
ing depends on the size of the hull breach, which is a typical
collision scenario; the concerned area could be 100 x 100 mm
(Ozguc, 2019). To achieve this goal, the crew should connect
the emergency bilge suction to ballast pumps to discharge sea-
water from the damaged compartments. In this case, the crew
must consider two scenarios. In the first scenario, pump ca-
pacity exceeds the flooding rate. As per Lee et al. (2022), a
main challenge is that bilge pumps efficiency depends on the
suction head and flooding rate. They also conclude that some
SOLAS requirements for 2 m3/min bilge pump capacity may
need to be revised for most situations. In the second scenario,
water ingress (flooding rate) exceeds the available pump capac-
ity. Abandonment of a ship is the most realistic option in this
case. A further important aspect of controlling flooding is that
the pumps are kept in a permanent standby mode and ready for
use at any time.

3. Materials and Methods.

Current research shows that even well-maintained ships may
suffer accidents due to human error (Karahalios 2021). Crew
training with emergency procedures can be assisted with dedi-
cated software decision support for flooding control (Ölçer and
Majumder, 2006). An alternative option suggested by the au-
thor is that a ship’s captain, to deal with flooding scenarios apart
from damage stability, should be able to calculate ship strength
permissible level and pumping capacity efficiency, as shown
in Figure 1. Figure 2 shows a captain’s option in a flooding
scenario. Therefore, this study aims to provide a methodology
for assessing thresholds in different cases. Therefore, a ship’s
captain should have an indication when a flooding scenario is
rapidly escalating, and abandonment of a ship is required. Thus,
the methodology has been designed with the following steps:

Step 1: Risk analysis from accident cases
Step 2: Simulation of ships in ballast condition
Step 3: Provide thresholds for abandoning
The outcome of this study is to provide a time-based decision-

making methodology dealing with uncertainty flooding scenar-
ios for bulk carriers. The examination of case studies will deter-
mine the probabilities of catastrophic events. Then simulations
are carried out to identify red flags for bulk carrier structural
fatigue that need abandonment.
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Figure 1: Decision Making in a Flooding a scenario.

Source: Author.

Figure 2: Main options of a Ship’s in a Flooding a Scenario.

Source: Author.

3.1. Step 1: Risk Analysis from Accident Cases.
One fundamental aspect of this study is a review of acci-

dents to determine the probabilities of events occurring in the
event of flooding. By following this approach is then possible
to examine worst-case scenarios, such as loss of ship or life.
In contrast, another non-catastrophic case may be investigated,
such as damage to the ship and injuries. A database review of
past case incidents has been used in similar studies for ship col-
lisions and grounding (Zhang et al., 2021; Tunçel et al., 2023).
A valuable database for world cases is GISIS, provided by the
IMO (Li et al., 2023)

3.2. Step 2: Simulation of ships in ballast condition.
Simulation is used in this paper to examine the effect of

flooding progress, such as weight changes, trim changes, and
assess the time required to ship structure exceeds permissible
limits. Motok et al., (2022) argued that ship design is less so-
phisticated than other high-risk industries. As an alternative,
they proposed reliability assessments in ship design that could
include lifetime analyses of loading conditions. Some notable
studies involving simulating loading conditions for this exist in
the literature. For instance, Gaggero et al., (2020) applied a
Monte Carlo simulation on data from 200 voyages to address
still-load uncertainties. Other studies show the simulation’s ap-
plicability in flooding cases (Ruponen et al., 2022) and safety
analysis of LNG disasters (Cao et al., 2022).

There are three stages in any flooding progress can be tran-
sient, progressive, and steady (Rodrigues et al., 2015). Simula-
tion examined flooding of bulk carriers two of 35,000 DWT and
two of 55,0000 DWT. Ship-specific stability software and trim

and stability manuals were used for the simulation. The scenar-
ios under examination include water ingress sensor errors and
ballast pump malfunction. A particular concern in this study
is the use of water ingress alarms, as SOLAS requires for bulk
carriers. However, the alarm system can only detect the water
at two levels below 0.5 and 2 m (Wu et al., 2023). If the ship
has not been lost, then the ship is at a progressive phase where
an equilibrium condition may be for several hours, however,
subject to sea waves. Therefore, there is a critical point where
the ship’s master should judge if the ship will remain stable for
sufficient time or if abandoning is the best option.

3.3. Step 3: Provide Thresholds.
The purpose is to find when ship seagoing stresses reach

100% in a time-reliable scenario. Since the ship’s captain may
be unable to estate the extent of damage, different water ingress
scenarios were examined. Assumptions for this study are the
following flooding is progressive, excluding wind and wave
forces. Flooding would likely rapidly escalate in such case sce-
narios, not allowing the crew to react. Also, heeling is not in-
cluded in the calculations. The outcome of this methodology is
to provide a time frame for the ship’s captain. Therefore, as-
sessment of time-based flooding progress can assist if the crew
needs to evacuate the ship or wait until assistance arrives.

4. Results.

4.1. Risk analysis.
In 27 cases examined, the flooding was a follow-up action

after a collision, grounding, and engine room ingress in 8, 6
and 6 cases, respectively. Overall a flooding scenario will have
Very Serious 0.411 results and Serious 0.58. The loss of the
ship is 0.185, and the loss of life is 0.148. Further analysis,
as shown in Table 2, is that ships with Gross Tonnage (GT)
25-79k are 0.593 of the sample, while larger ships are 0.185
and 0.370 for ships smaller than 25,000 GT. However, when
compared to Loss of Ship then, those larger than 80,000 GT
have a probability of 0.800. Also, the Loss of Life is 0.600 for
the larger bulk carriers. Furthermore, the importance of SAR
operation in evaluating crew with the helicopter was evident in
several cases.

However, the high number of losses of life in a single case
is notable. A review of PSC Paris MOU Defects 2020-2023,
shown in Table 3, records of 11,178 bulk carriers reveals that
water ingress alarms may not be functional. There is a 0.059%
probability that the water ingress system will malfunction, and
as a result, flooding may not be detected. In case sensors are
operational, the ship’s captain can evaluate the flooding rate by
measuring the time between 2 sensors in a cargo hold.

Table 2: Water Ingress Level Indicator Defects (Paris MOU
2020-2023).

Source: Author.
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Table 3: Probabilities of flooding catastrophic results.

Source: Author.

Table 4: Ship Stresses based on Flooding Scenarios for a 35,000
DWT Bulk Carrier.

Source: Author.

At the next stage of this research, a series of simulations
with different flooding scenarios were carried out for a 35,000
and 55,000 dwt bulk carrier on ballast conditions. The flooding
is assumed to stop at the initial water level of the ship. There-
fore, higher volumes were excluded from the simulation. It is
notable, as shown in Table 4, that bending moments and shear
permissible seagoing values, as calculated from ship stability
software, reach 100% when cargo holds 1 and 5 are filled to
have a volume of seawater of 32% and 56%, respectively. The
ship of 35,000 DWT had initial trim of -1.765 meters when at
ballast condition, and it is found that trim changes could be sev-
eral meters. A notable finding is that the cargo holding volume
for a bulk carrier may not provide accurate tables for the first 2
meters.

As per Table 1, the worst case is the flooding of cargo hold
1; therefore, the simulation was focused on this case. Table
5 shows a progressive flooding case for cargo hold 1 flood-
ing rate from 37-44 m3/min when both ballast pumps are fully
functional and operate without delay. As the water ingress may
exceed the ballast pump capacity, progressive flooding will oc-
cur after 23 m3/min. Consequently, the 32% flooding scenario
where stress will be exceeded may require 6-8.8 minutes for
cargo hold sensor 1 to be reached. And another 20-40 minutes
until the second sensor is reached. Therefore ship’s captain has
20-40 minutes from the first sensor alarm to evaluate the flood-
ing scenario.

A simulation scenario for random flooding scenario but also
pump failures was calculated for all four ships. An example of
the results is shown in Table 6. After 2000 rounds, it appears
that 62% of the cases 35,000 DWT ship will have less than 60
minutes to get 32% if water ingress is between 13-100 m3/min.
For a 55,000 DWT, the percentage will be 23%.

5. Discussion.

The review of case studies shows how fast a situation may
be developed. It is clear that a flooding emergency is a ma-

Table 5: Time Based scenario based on Water Ingress Alarms
in Cargo Hold 1.

Source: Author.

Table 6: Simulation examples with defective ballast pumps and
30-100 m3/min water ingress.

Source: Author.

jor threat to a ship’s crew. There is also a possibility of a
ship lost with its entire crew. However, there are cases where
flooding was contained and controlled where some damages oc-
curred only. Analysis of accident reports shows that engine
room flooding could be in any cargo hold or engine room. It
also appears that flooding could be a consequence of a collision
or grounding. Similar results are shown after a simulation of
four ships of different sizes. The Cargo Hold 1 flooding at 32%
could reach the maximum allowable seagoing bending moment
and shearing forces faster. The simulation clarifies how vital
it is for the ballast pumps to be fully functional and used as
soon as possible. This requires a well-drilled crew. The time of
element is crucial even in case of progressive flooding.

Trim changes may be undetected at the first stages of flood-
ing. Both pumps must be fully operational for small water
ingress conditions. In case of underperformance of ballast pumps
or the ship’s crew will likely have less than 60 minutes to react.
The reaction includes assessing the damage, activating a dam-
age control plan, informing interesting parties and preparing for
abandoning the ship. The weather condition was not taken into
account. However, effects such as sloshing and healing should
alert the crew for immediate action.

In this study, water ingress alarms were used. However,
having more sensors on cargo holds and engine rooms may be
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useful. It is of high importance early detection of a flooding
emergency. Existing procedures and contingency plans need
to be revised to include such time-based scenarios. It is also
valuable for planning to link emergencies such as collision and
grounding as the triggering events for flooding.

The practical implementation of the methodology is that
simulations can use advanced calculation or inexpensive soft-
ware without the use of advanced math or expensive software.
For example, following a threshold approach ship’s crew could
be provided with time-based tables and following actions. How-
ever, software with various simulation conditions may benefit
crew training. For example, for each ship, thresholds may dif-
fer depending on size. Further could use more parameters such
as adverse weather, sloshing, and various cargoes that were not
feasible to be used in this study.

Conclusions.

This study revealed some interesting facts about the flood-
ing risks of bulk carriers. However, a small sample of case
studies was found in the IMO database and other sources. The
sample was not large enough to define higher risks ships based
on their characteristics such as age, size or flag. However, the
risks of rapid escalation ad the possibility of losing a ship with
its entire crew were clear. The study focused on bulk carriers
due to the structural lack of compartments making compartment
isolation due to water ingress more challenging. The scenario
of ballast condition was chosen since it is the worst-case sce-
nario. Accident reports also clearly show that ground and col-
lision could initiate flooding. Therefore, the crew should be
prepared for such escalation cases.

The simulation approach followed in this study was bene-
ficial for examining certain parameters in a flooding scenario,
such as change of trim, malfunction of ballast pumps, and time
thresholds of reaching maximum bending and shearing forces.
However, as IMO (2004) emphasised, detecting water ingress
could be very difficult. Furthermore, in some cases, the crew
may not have access to see the actual ship damage as it affects
the submerged part of the ship or the weather is adverse. There-
fore, the only meaningful stage to examine is progressive flood-
ing. Otherwise, the other crew may not have time to react, or
the psychological pressure of s ship’s captain will make him
decide to abandon. Therefore, this study emphasises how im-
portant it is for companies to prepare ship-specific procedures
and dynamic action lists for such catastrophic scenarios. Thus,
the captain will have a clear timetable detailing actions, includ-
ing abandonment.

The methodology used in the paper was a combination of
simulation and risk analysis methods. It is capable of revealing
threats under different conditions that may not exist in literature
or case studies. The results were useful in providing thresholds
used for abandoning a ship. It also revealed the significance of
maintenance of ship machinery and particularly ballast pumps
and cargo hold sensors. However, it would be valuable to access
more data from different types and sizes of cargo ships where
water ingress sensors and strength design requirements differ
from the bulk carriers.

References.

1. IMO (2004) Guidelines on early assessment of hull dam-
age and possible need for abandonment of bulk carriers. Ref.
pp. 2-2 7 1.

2. Braidotti, L., Mauro, F., (2019) A new calculation tech-
nique for onboard progressive flooding simulation. Ship Tech-
nology Research 66, 150–162.

3. Braidotti, L., Mauro, F., (2020) A fast algorithm for on-
board progressive flooding simulation. Journal of Marine Sci-
ence and Engineering 8, 369.

4. Cao, Y., Jia, Q.J., Wang, S.M., Jiang, Y., Bai, Y., (2022)
Safety design analysis of a vent mast on a LNG powered ship
during a low-temperature combustible gas leakage accident. Jour-
nal of Ocean Engineering and Science 7, 75–83.

5. Cepowski, T., Kacprzak, P., (2019) An analysis of ver-
tical shear forces and bending moments during nodule load-
ing for a standard bulk carrier in the Clarion-Clipperton Zone.
Zeszyty Naukowe Akademii Morskiej w Szczecinie. Scientific
Journals Zeszyty Naukowe.

6. Eliopoulou, E., Alissafaki, A., Papanikolaou, A., (2023)
Statistical Analysis of Accidents and Review of Safety Level of
Passenger Ships. Journal of Marine Science and Engineering
11, 410.

8. EMSA (2022) Annual overview of marine casualties and
incidents 2022

9. Gaggero, T., Gaiotti, M., Rizzo, C.M., (2017) Effects
of uncertainties in loading conditions of bulk carriers on hull
girder still water loads. Marine Structures 55, 214–242.

10. Gaggero, T., Gaiotti, M., Rizzo, C.M., (2020) Uncer-
tainties estimates of hull girder still water loads of bulk and dry
cargo ships through Monte Carlo simulations. Marine Struc-
tures 70, 102688.

11. Gao, Z., Gao, Q., Vassalos, D., (2011) Numerical sim-
ulation of flooding of a damaged ship. Ocean Engineering 38,
1649–1662.

12. Huang, L., Sun, X., Yin, Y., (2022) A Direct Damage
Stability Calculation Method for an Onboard Loading Com-
puter. Journal of Marine Science and Engineering 10, 1030.

13. Ivanov, L.D., Wang, G., (2007) An approximate analyt-
ical method for calculation of the still water bending moments,
shear forces and the ship’s trim in the early design stages. Trans-
actions of the Royal Institution of Naval Architects Part A: In-
ternational Journal of Maritime Engineering 149, 1–39.

14. Jagite, G., Bigot, F., Malenica, S., Derbanne, Q., Le
Sourne, H., Cartraud, P., (2022) Dynamic ultimate strength of a
ultra-large container ship subjected to realistic loading scenar-
ios. Marine Structures 84, 103197.

15. Jang, J., Ahn, S., Na, S., Koo, J., Roh, H., Choi, G.,
(2022) Effect of a Plasma Burner on NOx Reduction and Cata-
lyst Regeneration in a Marine SCR System. Energies 15, 4306.

16. Karahalios, H., (2017) Effect of human behaviour in
shipboard firefighting decisions: the case of fire in engine rooms.
Journal of Contingencies and Crisis Management 25, 256–268.

17. Karahalios, H., (2021) Contribution of PSC Authorities
to Ship Accident Prevention.. SN Operations Research Forum
2(11), Cham: Springer International Publishing.



H. Karahalios. / Journal of Maritime Research Vol XXI. No. III (2024) 10–15 15

18. Kayisoglu, G., Bolat, F., (2022) A slim based approach
for human error probability of steel scrap cargo operations as a
critical process in the maritime sector. Pomorstvo 36, 22–30.

19. Kayisoglu, G., Gunes, B., Besikci, E.B., (2022) SLIM
based methodology for human error probability calculation of
bunker spills in maritime operations. Reliability Engineering &
System Safety 217, 108052.

20. Lee, K.W., Han, G.Y., Seo, J.W., Choi, J.H., Kim, M.E.,
(2022) Proposed Design Criteria For A Bilge Pumping System:
A Case Study Of Large Bulk Carrier. International Journal of
Maritime Engineering 164, 283–293.

21. Li, H., Ren, X., Yang, Z., (2023) Data-driven Bayesian
network for risk analysis of global maritime accidents. Relia-
bility Engineering & System Safety 230, 108938.
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