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Abstract: The paper describes the extension of a Monte Carlo based damage stability simulation
method for the generation of approval documents for both statutory and operational damage sta-
bility. The intention of this development is that the advantages of the Monte Carlo damage stability
simulation concept can be used without the necessity to ask for alternative design approval proce-
dures during the statutory approval by the classification society. This means that the same damage
stability documentation must be generated as by the conventional damage stability calculation. To
generate the required approval documentation, the individual probabilities for each damage case
have to be determined and the different damage cases have to be sorted into so called damage zones,
which is required by the classification societies. Within one damage zone, the splitting of damage
cases was found to be necessary to avoid the computation of probabilities greater than 1. This ex-
tended method is then applied to the computation of damage stability during the operation of ships,
which means that the method can now be applied in situ to real loading conditions, which makes
the ship operation more flexible. This new capability is also interesting for those ships which carry
a substantial amount of project deck cargo.
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1. Introduction

Damage Stability Problems for ships are quite time consuming with respect to dam-
age modeling and computation times, especially during the initial design phase, when
many of these calculations have to be performed during the various design loops. To over-
come this problem, a Monte Carlo-based simulation procedure for damage stability prob-
lems was developed over the years which treats damage stability as a stochastic process.
This method is successfully in use during the design phase of the ship.

If this very efficient simulation principle shall now also be used after the design phase
for the generation of approval documents, additional information needs to be generated
by this method which is not directly obtained by the simulation principle. Because this
additional information is strictly required by the classification societies. There is princi-
pally the option to ask for a so called “alternative design” approval, which may result in
deviations from the normal approval procedures and which may then allow a Monte-
Carlo simulation principle instead of conventional computations. However, this is more
time consuming and also more expensive, and it is therefore not seen as practical alterna-
tive for the daily business of a shipyard’s design office.

The major drawback of the Monte Carlo Simulation has been that it does not deliver
the damage zones (the simulation is a nonzonal approach) which are required to verify
the calculation during the approval phase. Where a damage zone is typically defined as
the longitudinal distance between two transversal subdivision elements, e.g., bulkheads.
Further, the individual damage probabilities in length, in penetration and in height are
not known explicitly, as the Monte-Carlo simulation delivers only the total product of
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these three probabilities. These probability values, depending on the defined damage
zones, need to be obtained and documented for the final approval of the calculation re-
sults. This problem has now been overcome, and the solution of this problem will be de-
scribed briefly in the paper.

This extended Monte Carlo-simulation method is then applied to the computation of
damage stability during the operation of ships, which means that the method can alterna-
tively be applied in situ to real loading conditions, including filled tanks and cargo spaces,
where the required index can be obtained from the approved stability booklet for the an-
alyzed loading condition. The paper will show that this allows for a much more flexible
operation of ships, especially for those types of ship which operate at lower drafts with a
significant amount of deck cargo.

2. Background

Probabilistic damage stability calculations require both a substantial modeling effort
and computational time. Besides hull form and compartmentation, all relevant openings
need to be included in the computational model. After the computational model has been
set up, the conventional calculation procedure is as follows: for a given compartment or
group of compartments, the probability P: that this compartment or group of compart-
ments is damaged needs to be calculated according to the SOLAS 2020 B1 regulations as
follows:

Pi(x1,x2,y,2) = pi(x1,x2) 1i(y,x1,x2) vi(z) 1

In Equation (1), Pi denotes the total probability that the compartment or group of
compartments is damaged. The individual probabilities p;, i and vi are related to the dam-
age cuboid which extends from x1 to x2 in longitudinal direction. The transversal penetra-
tion depth is y, measured from the damage waterline, and the vertical extension is from
the base line to the damage height is z. pi(x1,x2) is the probability that the damage extends
from the aft position located at x1 to the forward position x2. ri(y) is the probability that the
penetration depth extends to the local breadth y and vi(z) is the probability that the dam-
age extends to the height z. Formula (1) is applicable for so called one-compartment dam-
ages (see Figure 1), and it should be noted that the probability ri is depending not only on
the penetration depth, but also on the length of the damage as given by x1 and x2. Further,
the SOLAS requires also to investigate damages where the lower boundary in z is above
the baseline (so called lesser extent cases), but this investigation is performed during the
calculation of the individual S-factors (survivability of the damage) according to the SO-
LAS requirements.
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Figure 1. One and two compartment flooding.

If now a two-compartment damage is to be considered with transversal bulkheads
located at x1, x2, and xs, the probability pi2 for a damage which opens only the two com-
partments (and not a single compartment) is to be calculated as follows (see Figure 1):

pi2(x1,x3) = pi(x1,x3) — pi(x1,x2) — pi(x2,X3) (2)

This means that the probabilities of the two one-compartment damages are required
to compute the probability of a two-compartment damage. If three-compartment damages
have to be calculated, all two- and one-compartment damages are required. The same
holds for four-, five-compartment damage cases and so on. After the determination of p;
the penetration depth y and damage height z need to be considered to obtain the proba-
bilities #i and vi. When the total probability Pi of the damage case has been determined
from the combination of Formulae (1) and (2), the probability of survival Si needs to be
computed. This requires a hydrostatical analysis of the damage case. The product P: Si
then contributes to the total attained index A. If that index A is larger than the required
index R, the calculation is finished. The calculation has to be made for three drafts, assum-
ing damages from both port and starboard side. It has to be repeated many times during
the design of a ship, as many variations of possible compartmentations in combination
with possible values of GM have to be investigated. As a matter of fact, this process is
quite inefficient with respect to modeling effort and also computational time. At first, the
manual input of longitudinal damage zones, penetration depths and damage heights re-
sults in the fact that the ship’s compartmentation is actually modelled twice, which boosts
the modeling effort. If during the design phase of the ship the compartmentation is mod-
ified, each modification must be reprocessed in the modeling of the damage cases. Besides
possible consistency errors, this requires a lot of time. For this reason, the damage stability
calculation process has been reengineered in our ship design software by inverting the
problem, see Kriiger and Dankowski [1]. Comparable developments have been made by
Koelmann [2], Bulian [3-6], Ruponen [7], and Mauro [8]. This inverted method is based
on the concept that instead of assuming a damage case and calculating the related proba-
bilities, it is much more efficient to assume a damage extent and to compute the outcome
of that particular damage extent, which can be most efficiently solved by a classical Monte
Carlo Simulation technique. This method has been proven as a very efficient tool during
the design phase of a ship, as the A-index and the limiting stability curves can be calcu-
lated extremely fast. The problem now exists that despite these improvements, still a sig-
nificant amount of man hours is required to generate the approval documents, even if the
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compartmentation and the limiting stability curves are already fixed. Therefore, it would
be extremely useful if this efficient simulation principle could be extended for the gener-
ation of approval documents. This requires the generation of additional data which cannot
directly be obtained from the Monte Carlo simulation method. Most challenging here is
to determine the required individual probabilities p, r, and v, to sort damage cases into
damage zones and to split damage cases afterwards according to their individual pene-
tration depths. The following sections give an overview about this development, which is
a kind of reverse engineering of the conventional calculation principle based on the Monte
Carlo simulation. First, the Monte Carlo simulation principle is briefly introduced.

3. Monte Carlo Realization

The Monte Carlo simulation principle for damaged ship problems was proposed by
Koelmann [2] for damage stability problems and by Kehren [9] for the oil outflow problem
of the MARPOL regulations. In 2015, Bulian et al. [3] applied that principle also to ground-
ing problems with further and deeper research into that problem in 2020 [3]. In 2019 Bu-
lian, Ruponen et al. [4] refined this approach to a general damage stability concept. Rupo-
nen et al. [7] and Dankowski [10] have combined a Monte Carlo simulation with a time
domain flooding simulation to obtain the survivability of a passenger ship. Santos and
Guedes Soares [11] applied this approach to the damage stability of a RoRo-Ship. One can
therefore most probably say that this principle is well established for damage stability
problems since many years and it is applied by many researchers in the field of modern
ship theory. Recently, Mauro and Vassalos [8] described a concept to improve the sam-
pling method of the MC-simulation to further reduce the computational effort.

Although this principle has shown many advantages, it is according to the author’s
knowledge commonly not in use for the generation of statutory damage stability approval
documentation, e.g., according to the SOLAS 2020 B1. This is because the approval process
in practice requires information that is difficult to obtain from a Monte Carlo simulation
principle. This particular problem is addressed in the following sections. Beforehand, a
short description of the basic Monte Carlo simulation principle for damage stability prob-
lems is given.

Each statistical process can be described by a distribution function (also called the
cumulative density function CDF). These distributions are based on known damage sta-
tistics [12]. These damage statistics are the basis for the existing SOLAS 2020 B1, which is
principally identical with the SOLAS 2009. Cumulative density functions are given for the
damage length, damage location, penetration, and damage height. According to the as-
sumptions of SOLAS 2020 B1 [13], the lower damage boundary is 0 (base line of the ship),
but possible lesser extending damage cases have to be investigated in addition during the
Si computations according to the principles stated in the SOLAS. Bulian et al. [6] have
shown an interesting alternative method to include other lower damage boundaries than
base line in the Monte Carlo simulation, but this would deviate from the SOLAS and
would then require alternative approval procedures.

The principle of the Monte Carlo simulation is now simply to ask for the inverse of
such a kind of function, see Figure 2, which shows the cumulative density function for the
penetration depth as an example. By using a uniformly distributed random number gen-
erator [14], a value between zero and one is chosen. This random number is considered as
a probability and the corresponding event is selected from the distribution. If this is re-
peated with a sufficient number of samples, these events will converge to the original
underlying distribution. The number of events (or frequencies) in discrete intervals are
counted by a simple yes/no selection. Integrating the resulting data leads to almost the
same as the underlying distribution. In addition, the confidence interval can be computed,
which shows the statistical accuracy depending on the number of samples.
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Figure 2. Principle of the Monte Carlo Method for damage stability problems. Here: Penetration
depth for side damages.

Using this approach, the generation of the required damage cases simply boils down
to the generation of a sufficient number of damage cuboids according to the given statis-
tical distribution. Each damage cuboid breaches a certain combination of ship compart-
ments (damage case). Counting the number of hits for each damage case and dividing it
by the total number leads to the encountered frequency of that particular damage case.
The procedure can be summarized as follows:

e  Draw the damage cuboid from the damage distributions.
e  Find the corresponding damage case.
e Integrate the hits for each individual damage case.

After a sufficient number of drawings, the frequency for each damage case is simply
the number of hits divided by the total number of samples. This method is actually very
simple and it has got the following advantages compared to the conventional method:

e  The number of hits even for a very complex combination of compartments can di-
rectly be computed. There is no need to look at any subcases and their probabilities.

e As counting of hits is simply a binary event (yes/no), also very complicated geome-
tries can easily be handled (in contrast to the procedure described in the SOLAS Ex-
planatory Notes, which is in parts reflected by Figure 1).

e  Sorting the damage cases according to the frequency gives direct access to the im-
portant cases for the subdivision design. This shows the designer immediately which
compartment combinations have the largest impact on the subdivision index A.

e Additionally, substantially more damage cases will be found compared to the con-
ventional method. For sufficiently large samples, all possible damages cases are
found by the simulation. This is very important for validation purposes.

After the generation of the damage cases, the survivability for each damage case Si
can be computed according to the regulations in the SOLAS. The only requirements for
this method are the damage distribution functions, a random number generator (e.g.,
Matsumoto [14]), and a reliable method to obtain the combination of damaged compart-
ments from the geometry of the damage cube. It was shown by Kehren [9] that the ob-
tained probabilities do clearly converge for large numbers of samples. For practical dam-
age stability assessments, a sufficiently large sample is assumed to be 1.0 x 10¢ drawings.
As shown by Dankowski and Kriiger [1], this simulation method shortens the damage
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stability computation time drastically and the method has successfully been applied dur-
ing the initial design phase of complex ship subdivisions by the industry.

However, for the generation of damage stability approval documents, the proposed
method has two major drawbacks:

e It can only deliver the total probability pi(x1,x2) ri(y,x1,x2) vi(z) and not the individual
probabilities p;, ri, and vi. However, the calculation of the individual probabilities is
required for the approval by the classification societies.

e  The output of the method consists of individual damage cases with their contribution
to the total index. For the generation of approval documents, it is necessary to group
the damage cases into so called damage zones, which can be defined either by the
user or (as a default) by a program. All damage cases located in a damage zone must
then be sorted according to their damage heights and their penetrations.

In the following, we will show that the solution of both problems is closely linked
together, and they must be solved simultaneously. We will show that during the solution
of these problems, another difficulty will occur, namely that the probability r: can in some
cases take values larger than 1 which requires further measures to solve this problem.

4. Determination of the Probabilities P, Ri and Vi
4.1. Principle Approach

We will in the following show that there are three key issues necessary to solve the
aforementioned problems:

e  The determination of the probability p: by an additional drawing.
e  The adding of damage zones.
e The splitting of damage cases to cope with probabilities ri that are larger than 1.

The determination of the probability p: requires a modification of the Monte Carlo
simulation method. This modification is described in the following: From Equation (1) it
becomes obvious, that ri(y,x1,x2) and vi(z) become exactly 1 if the damage cuboid extends
to the maximum possible damage height zm«x and maximum possible damage penetration
Ymax. If NOW 7i(ymax,x1,x2) = 1 and vi(zmax) = 1 hold, then it becomes immediately obvious that
Pi(x1,x2,ymax, zmax) = pi(x1,x2), which means that our simulation principle will determine the
probability pi(x1,x2) instead of the total probability Pi(x1,x2y,z). This does in practice mean
that we have to modify the simulation principle by adding so called “fully extent damage
cases” which are obtained from a second drawing with a modified cuboid as follows: be-
fore we determine the damage case from the cuboid extensions as obtained from the un-
derlying CDF data, we modify each damage cuboid by setting z = zmwx and y = ymax. From
this additional cuboid we can obtain the combination of compartments breached by this
“fully extent” cuboid and we obtain the so called “fully extent damage case”. If we do
now integrate the hits for each full extent damage case, we can obtain the probability in
the same way as before. However, we do know that this probability must be equal to
pi(x1,x2), as ri and vi are 1 by definition. As we do perform both drawings simultaneously,
we know for each individual damage case to which full extent damage case it belongs,
and consequently, we know the probability pi(x1,x2) for all these damage sub cases.

This principle will in the following be applied to the investigation of the damage
stability of the EMSA2-reference vessel [15]. Figure 3 shows some interesting facts for the
EMSA2-RoPax. The x-axis represents the log10 of the sample number N, which is the num-
ber of drawn cuboids. The black curve shows the number of damage cases which were
obtained from the simulation. The red curve shows the number of full extent damage cases
multiplied by a factor of 5 for the sake of better visibility. One can immediately see that
the total number of full extent cases quickly converges to a number of 228 (1140/5),
whereas the number of all damage cases has not finally converged. This shows that our
simulation with 1.0 x 10° samples has most probably detected all possible full extent con-
figurations, but there should be remaining combinations of penetration depths and dam-
age heights which have not yet been detected. However, from a practical viewpoint, this
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is not a problem because the index contribution of these remaining cases (even if they
would be survived) is in the order of magnitude of about 1.0 x 10-5. The total number of
damages cases with a sample of 1.0 x 10° is 1776, which means that each full extend dam-
age case has in average 7.78 sub damage cases. In fact, the number of sub cases varies from
1 to 34 sub cases for each full extent damage case. By this second drawing, we have now
not only established a relationship between a damage case and its full extent damage case,
but we can now at the same time compute the required probability pi. All sub cases of all
full extent damage cases must then be damage cases where either ri or vi or both do not
equal 1. It should be mentioned in this context that the computed index Aiis astonishingly
robust: with only 10,000 drawings, one obtains an index of already 0.7222, where the com-
puted index for 1.0 x 10¢ drawings amounts to 0.7212. The difference is about 1%eo.

Simulation Results
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Figure 3. Simulation results for the EMSA2-RoPax. Black curve: Number of damage cases. Red
curve: 5x Number of “fully” damaged cases.

As a next step, we must now analyze all sub damage cases of each full extent damage
case with respect to their individual maximum damage heights and maximum penetra-
tion depths. Because both penetration maxima in z and y cannot directly be obtained from
the simulation results, as the cuboids do not necessarily extend to both maxima, even if a
very large number of cuboids is drawn. To overcome this problem, it was found most
efficient to map the upper boundary of all damage cuboids of a damage case to the largest
zma-value of all the spaces of all compartments breached each cuboid. As a consequence,
we obtain a reliable value for the maximum damage height z of each individual damage
case. Applying the same procedure also for the y-coordinates of each cuboid, we can ob-
tain the maximum penetration depth for each individual damage case. However, this task
is now much easier, as we have already pre-sorted the damages according to their indi-
vidual damage heights. We have decided to start with the damage heights first due to the
fact that this direction is geometrically less complex compared to the y-penetration.

Now we can group all damage cases in such a way that each damage penetration
may have varying damage heights. If all damage heights for a given penetration depth
are known, the individual probabilities vi(z) for each group of penetration depths can di-
rectly be computed for each of these individual damage cases from the basic CDF Formu-
lae. As already mentioned, the probability pi is obtained from the full extent case. The
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remaining probability ri (which is the most challenging one, because it depends on both
penetration and damage length) can then simply obtained by inverting Equation (1):

ri(x1,x2,y) = Pi(x1,x2,,2)/pi(x1,x2)/vi(z) (3)

4.2. Procedural Problems during the Determination of Pi, Ri, and Vi

Even if this described principle seems to be straight forward and easy to automate, it
cannot always deliver exactly the same individual probabilities as obtained from the man-
ual user input of damage cases, as the following example will show. Figure 4 shows the
steering gear compartment of the EMSA2-RoPax. The steering gear compartment is lo-
cated below the main garage deck at 9.20 m above the base line of the ship. On port side,
there is an emergency exit which extends to the superstructure deck at 16.00 m. The wa-
tertight compartment “Steering Gear Compartment” consists of the two spaces “Emer-
gency Exit” and “Steer Gear CL”, as shown in Figure 4. The connection between these two
spaces is not watertight. For this ship, z = 16.00 m means that vi(z = 16.00) = 1, and at the
same time vi(z = 9.20) = 0.2769. The problem now exists that a damage case which does
breach only the steering gear compartment (and no other) is possible by two basically
different damage types:

e Any damage which does not breach the space “Emergency Exit” but only the space
“Steer Gear CL” must have a maximum damage height of less or equal to 9.20 m. The
damage penetration is the maximum penetration possible.

e Or the damage breaches only the space “Emergency Exit”, and then the maximum
damage height is 16 m with a limited penetration.

Emergency Exit

" e —— _ Steer Gear CL

Figure 4. The steering gear compartment of the EMSA2-RoPax.

The algorithm we have described above would now result in the situation that this
case is one sub damage case amongst others for the related full extent damage case. The
probability pi(x1,x2) is obtained from the full extent case, and our methodology would re-
sult in zma = 16.20 m for this particular case, resulting in vi=1 and ri: according to Equation
(3). This result is obviously a possible and a reasonable result at the same time, but it dif-
fers from a conventional damage stability calculation: From the viewpoint of a manual
damage case generation, the damage case “steering gear compartment” must be divided
into two separate damage zones to correctly obtain the three individual probabilities. The
Monte Carlo simulation is due to its principle able to deliver the total probability P: cor-
rectly, but the splitting of the total probability into the three individual probabilities does
obviously depend on the splitting of damage cases into longitudinal damage zones. We
will later show that a comparable problem exists for the transversal penetration, too. The
following subsections show how these difficulties can be overcome in the framework of
the Monte Carlo simulation.
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4.3. The Necessity of Adding Damage Zones

It was shown above that it is necessary to sort individual damage cases into longitu-
dinal zones if the results shall be comparable to the conventional calculation. The defini-
tion of the damage zones is then only parameter that triggers the output of the damage
stability analysis (but not the results). Damage zones are defined by giving a minimum
and a maximum x-value for each damage zone. These damage zones can either be defined
by the user per manual input or they can be generated automatically from the information
on the ship’s compartmentation in different granularities.

From the above mentioned, it becomes obvious that it is sufficient to split only the
full extent damage cases according to the damage zone definition, because all sub cases of
these full extent damage cases must then lie in the same damage zone. Kriiger and
Dankowski [1] have described an algorithm how the flooded length of a damage obtained
from a Monte Carlo simulation can be calculated based on the ship’s compartmentation.
The flooded length differs from the damage length, as the flooded length extends from
the most rearward to the most forward bulkhead of the damaged compartments. The
damage length is obtained from the rearmost position of all damage cuboids of the dam-
age case and the most forward position of all these damage cuboids. Obviously, many
damage lengths can lead to the same flooded length, and the damage length is smaller or
equal to the flooded length.

This algorithm is now used to obtain the zone based damage lengths of the full extent
damage cases, and the obtained damage lengths from all cuboids can then be mapped on
the actual damage zone definition. This allows the connection of any full extent damage
case to one or more damage zones. If now any randomly drawn damage cuboid detects
an already known combination of breached compartments, but in a new damage zone,
this combination of damaged compartments is treated like a new damage combination to
force that the probabilities are split accordingly. As the compartment combination is iden-
tical (but located in another damage zone), the survivability must be the same and needs
to computed only once. Adding the damage zones does then neither have an impact on
the computed index nor on the computation time, but only on the number of output dam-
age cases, which depends on the granularity of the selected damage zone setup. The com-
puted index A is independent of the damage zone granularity, as the latter forces only the
splitting of the individual damage cases into the predefined damage zones. The genera-
tion of the damage zone information requires only a little additional effort, but it allows
the user to control the output generated by the method according to his requirements.
Additionally, it is of course still possible to run the method without damage zones (e.g.,
during the initial design phase of the ship) when no approval documents need to be gen-
erated.

4.4. The Necessity of Splitting Damage Cases in a Damage Zone

We will in this section show that a comparable problem as discussed before does also
exist for the transversal direction of the damage, but this problem must be solved differ-
ently. In Figure 5 a situation is shown which leads to the fact that the probability i ob-
tained from Equation (3) may become larger than 1. This is due to the following reason:
The void space (and only the void space) can be damaged by principally two different
cuboids. One group of cuboids has the full damage height, but the penetration depth is
limited to the inner longitudinal bulkhead. If the penetration depth would be larger, then
also the lower hold would be damaged, which leads to a different damage case. This set
of cuboids is denoted by 1 in Figure 5. Alternatively, the cuboid has a damage height lower
than zmin of the lower hold, but a penetration depth which extends to the pipe duct in the
center. This set of damage cuboids is denoted by 2 in Figure 5.
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Figure 5. Void Space 3 of the RoPax EMSA2.

During the Monte Carlo Simulation, both damage scenarios appear in the probabili-
ties Pi and pi. After the simulation is finished, these probabilities Pi and pi are correctly
determined. When now the product 7 vi is analyzed according to the aforementioned pro-
cedure, it is found that the maximum damage height of this damage case is surely zma,
which comes from the cuboid group 1. The maximum penetration depth is now the trans-
versal position of the pipe duct, which comes from damage cuboid group 2. However,
both extremes at the same time are not possible, because that would result in a different
damage case. If now the probability vi is obtained from zma, this results in the fact that the
obtained ri from Equation (3) is now larger than 1, which is due to the fact that r includes
contributions from both damage scenarios at the same time. Although the product ri and
vi is obtained correctly from the simulation, it is formally difficult to explain that one in-
dividual probability shall take a value larger than 1.

To solve this problem, the damage case must be split into two subcases, which is
easily possible due to the fact that after the Monte Carlo simulation is performed, all dam-
age cuboids are known. This damage case (damaging only void space 3) is then split into
two subcases: one representing cuboid group 1 with the full damage height, but penetra-
tion depth equivalent to the inner longitudinal bulkhead, and a second damage case with
the lower damage height, but a larger penetration depth equivalent to the pipe duct. For
both cases, the individual ri and vi can be obtained. As pi must be the same for both sub
cases, the two values of the total probabilities Pi can then be obtained from Equation (1).
This splitting of the damage cases can now automatically and iteratively be processed for
all situations where ri > 1 is detected.

5. Numerical Studies

The SOLAS 2020 (as well as the SOLAS 2009) prescribes that the basic probability of
survival Siis to be computed as

Si=k (1/0.2 /20)1 4)
for a damage case of a roro-passenger ship that involves a roro-compartment, and
Si=k (h/0.12 r/16)14 5)

otherwise.

In Formulae (4) and (5), & is the maximum righting lever measured in metres and r is
the range of positive righting levers, measured in degrees. The coefficient k depends on
the heeling angle of the equilibrium floating conditions. For intermediate stages of flood-
ing, other values for the range and the maximum righting lever are relevant (7 degrees
and 0.05 m). The problem now is that due to the power law of V4, extremely small values
of h and r result in remarkably high values of S.. E.g., a maximum range of one degree and
a maximum righting lever of 1 cm result in an Si value of 0.223. As a consequence, the
numerical accuracy of the calculation model is of importance for the computed index, as
the index is the sum of many small numbers. To illustrate this, we have created two
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models of the EMSA2 RoPax. Besides the buoyant hull, the ship has 72 compartments
which consist in total of 241 spaces. Figure 6 shows the coarse model of the RoPax and a
finer model.

Figure 6. Two models of the EMSA2 RoPax.

The coarse model of buoyant hull and compartments consists of 1114 sections with
in total 11,315 points. The fine model has 59,137 points and 2732 sections. The fine model
delivers an index of ai=0.7212, and the coarse model delivers ai = 0.7191. The difference is
small, but still remarkable. The calculations are based on 1.0 x 10¢ drawings of damage
cuboids (plus 1.0 x 10° cuboids with full height and full penetration). On a standard Lap-
Top (Intel core i7 processor, 9th generation), the computational times are as follows (valid
for one single sub index Ai:

e  Course model: 9 s for the generation of the damages, 10 s for the hydrostatic calcula-
tions to obtain the individual Si-values. In total, this means the 19 s for the calculation
of one Ai-index, and then 114 s to calculate the total A-index.

e  Fine model: 12 s for the damage generation, 32 s for the Si-computations which means
44 s for one Ai-index and 264 s for the total A-index.

The hydrostatic computations necessary for the S-computations include the investi-
gation of all possible lesser extent damages (where the lower z-boundary is above the base
line) and the computation of any intermediate stages of flooding, e.g., due to cross flood-
ing devices and/or A-class bulkheads, if applicable.

After all the computations are completed, any GM-alteration requires only about 1 s
as the damage cases are known already and the righting levers are stored. This allows a
GM-required curve to be determined in less than a minute.

Besides the specification of the input GM-value, there is no further modeling effort
necessary if the compartmentation and the openings are defined. This shows that the im-
plemented method is indeed very fast. As the fine grid gives a slightly larger index, the
course grid can be used throughout the whole design phase until the final documentation
is to be prepared. When the compartmentation is changed, the whole procedure can
simply be repeated without any additional user input.

6. Damage Stability Output

Figure 7 shows the graphical output of the damage stability simulations for three
different configurations of damage zones. The picture on the top left shows the results if
no damage zones have been defined. This is the setup of the classical Monte Carlo simu-
lation method, but with the realization of the full extent damage cases. Each full extent
damage case has a certain number of subcases. If the majority of these subcases is sur-
vived, the damage triangle is plotted in green, and if the majority is not survived, the
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triangle is red. All others are plotted in yellow. In this context, “majority” means the com-
putation of an average Si« for all damage cases of that group. The limit values can be set
by the user, and the defaults which are also used in the following figures are Si« > 0.85 for
a green triangle and Sia < 0.3 for a red triangle.
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Figure 7. Damage stability output with three different damage zone realizations.

The realization without damage zones results in a total number of full extent cases of
228 and a total number of damage cases of 1776. In the top left picture of Figure 7, damage
triangles can be seen. As the computation was without zones, these triangles correspond
to the flooded lengths of each damage case as automatically computed by our algorithm.

In the top right picture, we have selected a damage zone setup with a damage zone
at each transverse WTB of every compartment. This setup was determined automatically
from the given compartmentation by a simple algorithm which searches for the x-Position
of all transversal bulkheads of all compartments. This setup results in 38 damage zones.
Now we obtain 453 full extent cases and 4995 damage cases. The obtained cases are exactly
identical with the 1776 basic cases, but they are distributed over the defined damage
zones. Other than in the realization without zones where the length of each triangle rep-
resented the flooded length, the length of each triangle now represents the individual
damage length, mapped to the minimum or maximum x-value of the zone definition. The
computed index is of course exactly the same as for the case without damage zones.

In Figure 7, bottom, we have repeated the calculation with a damage zone setup
where we have positioned a damage zone at each transversal WIB of each space of a
compartment. This setup was determined automatically from the given compartmenta-
tion by a simple algorithm which searches for the x-Position of all transversal bulkheads
of all spaces of all compartments. This setup represents the finest reasonable subdivision
into damage zones (51 damage zones), and at the same time we do now obtain the maxi-
mum number of damage cases. This results in 758 full extent damage cases and a total
number of 7880 damage cases. The output is shown in Figure 7, bottom. This setup auto-
matically solves the problem shown above for the steering gear compartment.

The advantage is that these two damage zone setups can be generated automatically
without further user input from the compartmentation. However, the setup can be
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interactively modified by the user if found necessary. Additionally, it is well possible to
use different zone setups for portside and starboard side damages. As shown above, the
damage zone setup has no impact on the computational time and on the computed indi-
ces. It triggers only the number of damage cases and the splitting of P:i into pi and the
related i and vi probabilities.

If the automatically generated space based damage zone setup is used, the obtained
output delivers exactly the same output as obtained from a conventional computation if
the same zone setup is used, and therefore, it can be used for the generation of the statu-
tory approval documents. This is because it automatically solves all the problems which
have been addressed in this paper. However, this setup might lead to damage cases which
exceed the storage capacity of conventional damage stability calculation programs, be-
cause not all of them can handle, e.g., 20 zone damages. Therefore, the user has the possi-
bility to limit the maximum number of damage zones per damage case or he can alterna-
tively modify the zone setup, if appropriate. For the user, the recommended procedure is
furthermore quite straight forward; during the initial design, the method should be used
as before without adding damage zones to the problem. Then, the compartmentation and
the limiting stability curves can be optimized to meet the prescribed required index. If
approval documents shall be generated, any user defined zone setup can be added, and
the computation can simply be repeated. The output contains exactly the same infor-
mation as obtained from a conventional damage stability computation and can conse-
quently be submitted for approval. This development extends the Monte Carlo simulation
principle now over the whole ship design process from basic design to delivery.

7. Operational Damage Stability

In the context of this section, operational damage stability is understood as the han-
dling of the damage stability requirements during ship operation. In this regime, damage
stability is accounted for as follows according to the SOLAS regulations. The attained in-
dex A is cumulated from the three indices on full, partial and light service draft. If the
attained index A is larger than the required index R, the damage stability requirement is
fulfilled, and the results are documented in the stability booklet as GM-Required curves.
The ship must always be operated with a GM that is larger than the required GM, where
in between values have to be interpolated. For the reference ship EMSA 2, the results of
the damage stability calculation are summarized in the following table.

If the actual GM of the ship of a particular loading condition is larger than the limiting
GMs, then damage stability is seen as fulfilled. Consequently, the damage stability limits
of the ship strongly depend on the selection of the three drafts and their GMs. As there is
only one equation (R = A), but three degrees of freedom (the three GMs), there is an infinite
number of possible GM-required curves.

As a matter of fact, there are several possibilities to deal with damage stability during
the operation of the ship. For example, the stability standard of the German Navy BV 1033
[16] explicitly requires that each loading condition must be analyzed in situ with respect
to damage stability before the vessel is allowed to leave port. This means that the relevant
damage stability procedures and requirements are in this context applied to a real loading
condition. First of all, this means that the loading condition to be analyzed may have some
tanks (bunkers, ballast) which are actually filled. The stability standard of the German
Navy now requires a fluid exchange, which means that any damage tank is emptied be-
fore it is filled again with flood water. Further, all tanks which are partly filled (and are
not damaged) must be treated by fluid shifting moments. This is a substantial difference
compared to the SOLAS standard. Further, the cargo spaces are filled with a clearly spec-
ified cargo (volume, weight, and distribution), which means that realistic permeabilities
for these compartments can be calculated.

If we make use of the Monte Carlo-simulation based procedure shown above, the
damage stability computation requires practically no additional effort. This makes it at-
tractive to use such kind of calculations also for the operation of the ship to analyze
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distinct loading conditions. The only change to the calculation code is now that prior to
the stability calculation, all damaged tanks which have been filled must be emptied and
the new mass and COG needs to be determined before the calculation of the righting lev-
ers is performed. As the required index is known from the damage stability calculation
and documented in the stability booklet, it can be obtained for each loading condition.
This principle is shown for the EMSA 2 RoPax in the following figure.

Figure 8 shows the index Ai as a function of the ship’s draft (see also Table 1). In the
stability booklet of the ship, an equivalent figure is plotted showing the required GM-
values. The stability booklet also contains a loading condition “Max Pax Departure”
where the ship has a (mean) draft of 5.565 m (or 17,260 t displacement), which is shown
in Figure 9. Following the damage stability requirements of the stability booklet, the ship
must have a GM of 4.10 m to cope with the damage stability requirements. From Figure
8, the fact becomes obvious that for the 5.565 m draft, the index A can be interpolated as
0.717. This means that if we perform an operational damage stability calculation, this cal-
culation must result in an index A: for that particular loading condition of no less than
0.717 (means of port side and starboard side). For RoRo-passenger ships, it must also be
verified that any A: must be larger than 0.9 R. However, this must hold for all indices
presented in Figure 8, and then it holds automatically for any interpolated index, too. In
the framework of the research project DIGILECK (see acknowledgements) it was investi-
gated under which boundary conditions this proposed procedure can be covered by the
existing SOLAS explanatory notes.

Table 1. Damage stability results for the EMSA 2 RoPax [15].

Den‘o minat Draft A.P. Draft F.P. Displacem GM Index Index Index
ion ent
[m] [ml] [t] [m] PS STB Mean
Light 5.74 4.75 16,081 4.50 0.724 0.680 0.702
Partial 6.17 6.17 19,933 4.10 0.761 0.725 0.743
Deepest 6.80 6.80 22,875 4.10 0.735 0.700 0.718
Index Ai vs. Draft
0.75
0.74
0.73
0.72
0.71
T
§ 0.7
h 0.69
0.68
0.67
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0.65
5 525 55 5.75 B B6.25 B5S 6.¥5 7
Mean Oraft

Figure 8. Index Ai as a function of the draft for the EMSA2 RoPax.
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Figure 9. Loading condition Pax Departure for the EMSA-RoPax.

If we now perform this calculation, we obtain an Index A: of 0.8067 on port side and
0.7935 on starboard side (see Figure 10), which is substantially more than 0.717. The dif-
ference is due to the effect of the fluid exchange of the tanks, as we did for the moment
not alter the permeabilities of the RoRo-cargo holds. If it is sufficient to reach an index of
0.717, the GM can be lowered to 3.70 m, which is a substantial gain and significantly in-
creases the flexibility of the ship, especially at the lower drafts. Additionally, it must again
be pointed out that the calculation does not take any substantial effort.
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Figure 10. Output of the operational damage stability calculation for ps (left) and stb (right). GM =
3.70 m.
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8. Conclusions

A method was presented which extends the Monte Carlo principle for the computa-
tion of ship damage stability over the whole ship design process, including the automated
generation of operational damage stability information. This demand requires the exten-
sion of the existing simulation method in two major points: At first, a second drawing of
a modified cuboid with full penetration depth and maximum damage height results in so
called full extent damage cases, which immediately allows to determine the probability
pi. Secondly, the grouping of the resulting sub damage cases according to the penetration
depths and damage heights allows the determination of v: and r.. This enables the simula-
tion method to produce exactly the same output as the conventional calculation method,
and the results can be approved by the classification society during the standard approval
process. The extended method is in use by our industrial partners, and two damage sta-
bility calculations by the extended method have already passed the class approval.

The concept described for operational damage stability allows computation of dam-
age stability for real loading conditions including the exchange of fluids, which results in
a substantial gain in required GM. This concept significantly increases the flexibility of the
ships especially on the lower drafts, which is most important for ships which carry project
cargo on deck. However, before this operational damage stability concept can be used as
a routine procedure during ship operation, it must further be investigated under which
boundary condition the proposed concept is compatible with the SOLAS 2020 explanatory
notes. Additionally, it might also be an interesting idea to shorten the computational time
of the method further by applying the improved damage breach sampling process as sug-
gested by Mauro and Vassalos [8].
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