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t=02 t=1

Back view s000001
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Figure 12 FE simulation results with rock 4e at two time instances. Equivalent plastic strain contours of the
ship bottom outer shell are shown with rest of the structure removed from the figure. Analysis
with (a) real rock and (b) approximated (eq2) rock. Figure (c) compares the two rocks.

Figure 13 FE simulation results with rock Sa at t = 0.4. Equivalent plastic strain contours of the ship bottom
outer shell are shown with rest of the structure removed from the figure. Analysis with (a) real
and (b) approximated (eq4) rock. Figure (c) compares the two rocks.
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The relationship between energy and the volume of damaged elements was investigated in Figure 14.
R? was found to be 0.93 for the linear relationship between energy and total damaged element volume,
meaning that the relationship between the two can be considered to be linear. For the damaged
elements in the horizontal phase only R? was only 0.44. The difference is mainly caused by two
outliers, which are the real rocks of 4e and Sa that are the only observations that exceed 20 MJ.
Without them R* would be 0.73. The qualitative explanation to this difference is analysed in Figure 12

and Figure 13, which is the rougher surface of the real rock compared to the model rocks.

Energy versus damaged element volume
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Figure 14 Relationship between energy and damaged element volume for €plastic >0.01. Calculated separately
for total damage and energy as well as damage and energy for the horizontal phase only.

Beyond only investigating the relationship between R” and the energy ratio, other relationships were
analysed. For each real rock and rock model, the volume, surface area and projected area in the YZ-
plane were calculated, see Figure 15. From the rocks the parts were removed which are too deep and/or
on the other side of the rock seen from the angle of attack of the ship (x-axis), see Figure 15 (a). The
purpose was to remove the parts of the rock that were not in contact during the horizontal phase of the

grounding.

The procedure goes as follows: The highest point from model was assigned to create vertical plane
(YZ plane), see Figure 15 (a). After cutting model by the vertical plane second plane was created — the
horizontal plane (XY- plane) which lies on the maximum penetration depth ¢ counted vertically from
highest point, see Figure 15 (a). This plane represents the plane of the ship bottom. Once the model

was cut by both planes the volume, surface area and projected areas were measured, see (b)-(c).
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Figure 15 Procedure to measure areas and volumes for the real rock models. a) Extraction of volume
section, b) projected area and c) measured volume and surface area.

These three rock area- and volume metrics are compared to the volume of damaged elements in Figure

16.
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Figure 16 Rock area and volume metrics compared to the damaged element volume for gplastic >0.01,
including real and model rocks. Top: horizontal grounding phase damage only, bottom: vertical
and horizontal phase of grounding damage total.

The volume of damaged material follows very well linearly both area measurements (surface and
projected) as well as the rock volume, see Figure 16. Note that the slope of the linear relationship
between grounding energy and damaged material volume depends heavily on the damaged volume
definition in terms of €ypastic, Which is shown here for a threshold of 0.01. The best explanatory variable
is the rock projected area into the YZ- plane. The R? remain almost identical for the three equations in

Figure 16 also when considering the only damage volume during the horizontal phase of the grounding.

5. Discussion
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Having mathematically relatively simple rock models with just a few parameters that need to be
estimated is desirable. This would make result sharing and utilization easy for other researchers; in
order to model rocks in a given sea area one would only need an estimate for the rock parameters.
Furthermore, it would allow for easy generalizations about rock shapes that could then be applied for
sea areas without access to detailed sea bottom data, thus making it possible to run detailed grounding

damage risk analysis for whole sea areas.
Step 4: Acceptance or revision of bottom shape models

It was expected that as R? goes towards 1.0 the grounding simulation results obtained using the real
rock and the model rock would also converge. This relationship was found to be much weaker than
initially anticipated: Even at relatively high R? of 0.8-0.9 (which is about as good as possible with the
given data) there would be large deviations in the grounding energy between the model rock and the
real rock, see Figure 10. Paradoxically, when analysing the models separately for all four rocks the
linear trend between R* and the normalized energy has a negative slope for all models except the

binormal rock model (eq. 2), see Figure 17.
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Figure 17 Comparison of Rz and the normalized energy on a model-by-model basis for all four rocks for the
horizontal damage phase only.

The cone model (eq. 1) shows the best linear relationship between R? and the energy, unfortunately the

better the fit in terms of R” the more the grounding energy deviates from the results obtained using the

real rock.
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For the normalized damage volume the results are significantly better, in particular for the binormal

model, which deviates “only” 0.4-0.23 from the real rock results, see Figure 18.

Model perfomance in terms of damaged element volume
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Figure 18 Comparison of R2? and the normalized total damaged element volume energy on a model-by-model
basis for all four rocks.

The results and conclusions are similar when taking into account damaged material volume of the
horizontal phase only. Due to the linear relationship between the area- and volume metrics of the rocks
shown in Figure 16, the conclusions are the same for the relationship between R and the normalized

model rock YZ-area.

It should be noted that the sample size is quite low but as the analysed rocks were specifically better
cases found in the data, it can be concluded that such R* is not a sufficient measure by itself to verify
that the sea bottom models being tested are realistic in terms of similar grounding energy. However, in
the simulation it was possible to achieve similar damaged element volumes in particular with the

binormal model.

Moreover it was found that even the simplistic, non-blunted cone model would achieve relatively
similar grounding energies in isolated cases; Cone model for rock 10a (eq. 1) on Figure 10 shows a
relatively low R? of 0.62 but a high normalized energy of 0.88. That means that depending on the
research question even a simple cone model will occasionally be roughly correct in grounding damage

analysis.

To obtain a similar volume of deformed material in this grounding simulation with a model rock, the

single most important factor is having a similar surface/projected area or volume between the real rock
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and the model rock for the part that is contact with the ship. Especially the projected area has a good
coefficient of determination. The area/volume metrics can be used as a surrogate variable instead of
calculating grounding damage with FEM: The FEM calculations are tedious and time- consuming; the
calculations done here take tens of hours to run and therefore only four rocks were analysed. When
suggesting new rock models, the differences in projected area can initially be compared to evaluate the
goodness of the model instead of using FEM, but the uneven nature of the rock surface needs to be
considered in modelling if one want similar grounding energy: The current models are shown here to
have a too smooth surface. These findings are subject to some uncertainty as the exact shape of the real
rock had to be interpolated, see Appendix 1, Appendix 2 and Figure 1. Note that in order to correctly
model the real rock surface roughness high-resolution xyz-bathymetric data is required. Alternatively,
this could perhaps be mimicked by adding random deviations (i.e. noise) to the z-values of the rock

models to create a less smooth surface.

Other models or exact sea bottom data is needed for reliable and detailed grounding damage analysis
given the current understanding of sea bottom shape modelling. As suggestions for future research
more complex models should be tested for modelling sea bottom shapes such as splines and Gaussian

processes.

Other grounding damage estimation approaches exist as well such as the statistical approach of IMO
(1995), which however does not link grounding energy, local sea bottom shape or ship structure
specific conditions with the resulting damage, see also Sormunen (2014). These models are
recommended to be used for regional maritime risk analysis until more realistic sea bottom shape
models are introduced. The authors propose re-running the analysis on different ship models as well,
including dynamic grounding effects. Of further interest is determining rules-of-thumb for when the
rock is so wide that it cannot realistically rupture the inner hull in groundings. For statistical analysis on
the exact relationship between grounding energy and different variables, a larger sample is desirable.
Furthermore, it would be beneficial to analyse more data of sea bottom shapes from Finland as well as

other sea areas.

6. Conclusions

For designing safe ship structures and analysing the risk caused by ship groundings, comparison of

grounding damage and the effects of the sea bottom shape are important. The comparative analyses
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demonstrate that grounding damage greatly depends on rock surface. Different failure mechanics were
observed between the real rocks and the rock models: the smooth model rocks resulted in less crushing
and energy absorbed within the same timeframe. Therefore, the energy difference between the model
and real rock is often significant despite high R* of the model rock. On the other hand for damaged
element volume and rock YZ-area in particular the binormal model was found to mimic the real rock

quite well, especially for cases with R* > 0.85.

The relationship between the damaged material volume and the real rock or rock model projected area
was found to be near-perfectly linear for the whole grounding simulation but much less so for the
vertical phase of the grounding only. Thus given the limitations in the simulation, knowing the area or
volume of the rock part which is in contact with the ship is enough for damage volume calculations.
This can then be further used for estimating damage when the rock penetration depth and shape is
known. For obtaining similar energies the current sea bottom shape models are too smooth and more
complex models should be implemented to accurately model the uneven surface of the rock. This
means that currently the simplified rock models do not model the real sea bottom shape accurately

enough to obtain similar grounding damage with energy based damage equations.
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Appendix 1 The error values for the “real” rock modelling

The real rock surface was constructed based on the sounding observations recorded as xyz-points. The
sea bottom resolution and accuracy vary on the depth and technology used, giving us a vertical
uncertainty of less than 0.3 meters using a 95 % confidence interval, usually much less. However, the
uncertainty of the relative position in the data is much smaller, which is the most important factor in

this case.

The “real rock” had to be reconstructed based on the xyz-point cloud for FEM analysis, adding a layer
of subjectivity/uncertainty about the true form of the rock. Looking e.g. at rock S,, the bumps on the

surface might real - caused by glacial activity during the last ice age — or just echo sounding distortions.

Minimizing the “real” rock maximum error and average error values is used as a starting point for the
real rock construction . Final rock surface modelling is checked by visual inspecting differences
between the surface and highest points in point cloud as rock peak area is more important in grounding
simulations then bottom area. If the point cloud density is very heterogeneous this affects greatly the

modelling process.

As an example, rock 10a error values are quit high because most of the points are in bottom area and
few points in peak area, see Figure 1. Modelling only by error values would give better error values
but rock surface would then not fit that well to the rock the peak area points.It was observed that better
point cloud density will give better error values; see Table 4 and Figure 1-5. Taking polynomial

degrees of higher than 3 do not give much better results.



33

Table4 Real rock modelling error and the degree and number of the polynomial functions used in the

splines.
Degree Patches
Rock Model Maximum | Average
Penetration |U \% U A% error[mm] ! error[mm]2

Real rock |2.5 4 2 9 14 1851.25 127.00
eql 2.5 10 10 40 40 39.74 0.13

10a eq2 2.5 10 10 40 40 2505.34 10.22
eq3 2.5 10 10 40 40 1.09 0.17
eq4 2.5 10 10 40 40 1.09 0.17
Realrock | 1.2 2 2 15 13 15.00 2.56
eql 1.2 7 7 40 40 13.08 0.15

11f eq2 1.2 10 10 30 30 0.88 0.17
eq3 1.2 8 8 40 40 0.88 0.13
eq4 1.2 8 8 40 40 0.76 0.13
Real rock | 1,9 8 10 30 30 1406.77 54.03
eql 1,9 7 7 40 40 28.85 0.15

4e eq2 1,9 7 7 40 40 0.51 0.13
eq3 1,9 7 7 40 40 0.53 0.14
eq4 1.9 7 7 40 40 0.57 0.14
Realrock | 2.3 7 7 40 40 237.74 27.71
eql 2.3 3 3 40 40 0.60 0.10

Sa eq2 2.3 3 3 40 40 0.64 0.10
eq3 23 3 3 40 40 0.62 0.12
eq4 2.3 3 3 40 40 0.63 0.11

"Maximum distance between the actual data point and the fitted surface

2
Evaluated as mean absolute error
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Appendix 2: Alternative method for rock modelling

One of the alternative method for rock modelling is to create model from triangular network, see Figure
19. With high number of points that method would allow to model a naturalistic rock which goes
exactly through the observed data points. Unfortunately, in this case the point density is not sufficient

to model natural looking rocks, instead overly edgy rock are obtained with this method.

Figure 19 “Real” rock triangular network model.

Due to the limitation of the triangular network, “Fit surface” and “Through point surface” functions

were used in Siemens NX software. The difference between them is illustrated in Figure 20.

Interpolated model
(number of patches and
degrees are defined)

Freeform  surface —
necessarily does not go
through the points

Fit surface

Interpolated model (patch
type, column and row
degree are defined)

Surface goes through the
points (but points are not
connected with straight
line)

Through points

Figure 20 Cone model for rock 11f using “Fit surface” vs “Through point surface”.
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