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Hitting an object in the ocean can peel off the coating on a ship’s plate. The exposed
plate can be vulnerable to corrosion because it is exposed to the environment and seawater,
which can degrade its strength. So, the crashworthiness of the bottom plate should be eval-
uated in the event of a grounding incident. The ratio of the scratch area and the number of
stripes are used as experimental variables. Based on seawater corrosion experiments, the plate’s
corrosion rate increases quadratically with the scratch area, which is then used for grounding
simulations. Eighteen grounding scenarios, based on scratch size, dimensions, and corrosion
exposure, reveal that only two or three stripes significantly reduce the plate’s strength in sim-
ulations. In addition, in the case of two or three stripes of scratches, corrosion further reduces
the plate’s strength in the grounding simulations. This plate has limited space in the vertical
direction, which influences the horizontal stripe of scratches and affects the plate’s strength in
grounding simulation, as compared to the vertical stripes. Besides this, the pattern of crack
propagation depends on the reaction force.
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1. Introduction

Based on data from the National Transportation Safety Committee (KNKT)
between 2014 and 2021, approximately 6% of ship causalities are caused by
grounding incidents [1]. In Europe, grounding contributed to 13% of incidents
during the same period [2]. Grounding is commonly caused by a ship striking
the seabed. Coating is applied to the ship’s plate to protect it from corrosion,
but scratches in the coating can result from several incidents, such as collision
with ice and rock [3, 4]. Scratches on the ship’s surface can lead to peeling of the
coating and wear of the plate material. The pictorial model demonstrates that
scratches on the epoxy film can expose the steel to the environment, making it
easier for the paint film to lift [5]. During this exposed period, corrosion will
consume the steel material [6].
Corrosion damages the ship’s structure, which can lead to a decreased strength

of the structure. The impact of corrosion on structural strength depends on sev-
eral factors, including the type and size of the corrosion [7–12]. The bottom plate
is an immersed structure, so corrosion will grow rapidly due to the composition
of seawater [13–18]. On the other hand, fluid flow around immersed ship plates
accelerates ship corrosion [19–22].
In grounding and collision analysis, corrosion reduces the thickness of the

plate, which can degrade the strength of the structure [11, 21, 23–25]. Another
research shows that pitting corrosion can also reduce crashworthiness in ground-
ing incidents [26]. However, studies on the impact of corrosion in ship grounding
and collisions remain limited. Specifically, there is a lack of research examin-
ing the detrimental effects of scratches, which, once exposed to corrosion, can
compromise structural integrity during grounding scenarios. This study focuses
solely on corrosion caused by thickness reduction in the scratch area, categorized
as local corrosion. Therefore, this study aims to evaluate the effect of scratches
on the corrosion rate and crashworthiness of the plate during a grounding in-
cident. Chemical corrosion is used in this study to assess the corrosion rate,
while, LS-Dyna simulation is employed to analyze the reaction force and crack
patterns as parameters in this study.

2. Corrosion rate experimental method

2.1. Material selection and coating procedure

This study assesses the corrosion rate using SS 400 mild steel as the selected
material. A detailed insight into the chemical composition of the SS 400 mild
steel plate, conventionally utilized as a ship bottom plate [27], is presented in
Table 1. The material preparation for the corrosion rate examination began
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Table 1. Chemical composition of SS 400 material [27].

Element Fe C Si Mn P Cr S Cu

% 96.4 0.0337 0.193 0.288 0.0018 0.0273 0.005 0.0136

with the fabrication of specimens measuring 50× 50× 5 mm. Seven strips of
specimens were used in this study.
In the subsequent stage, each specimen was cleaned using a sandblasting pro-

cedure in accordance with the ISO 8501-1 guidelines [28]. Sandblasting was
performed as a preparatory step before the application of protective coatings.
Garnet abrasive material was used in this sandblasting process, with pressure
maintained between 6–7 bar. To ensure consistent and accurate results, the dis-
tance between the specimen and the nozzle was kept within the range of 15–25 cm
throughout the sandblasting operation. According to ISO 8501-1 [28], the blast-
ing quality must be assessed through visual inspection to measure the SA level,
as well as through roughness testing methods. The blasting procedure was con-
ducted until each specimen reached a SA level of 2.5. Figure 1 shows a compar-
ison of the SA levels, with the benchmark on the left side and the specimen on
the right.

Fig. 1. Visual inspection of the material after the sandblasting process,
according to ISO 8501-1 [28].

Besides the SA level, the roughness levels recorded during this investiga-
tion exhibited a marginal variation, ranging from 30 to 36 µm, as illustrated in
Fig. 2. The results obtained from the roughness testing further substantiated
the suitability of all examined specimens for the subsequent coating process. The
consistent roughness characteristics observed throughout the sample set indi-
cate the uniformity and effectiveness of the sandblasting treatment, ensuring
a suitable surface texture for the successful application of protective coatings.
To achieve an adequate coating, it is essential to ensure that the environ-

mental conditions meet the specified criteria, considering factors such as dew
point and relative humidity. An instrument called psychrometer was employed
to assess environmental and material conditions. According to the findings pre-
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Fig. 2. Result of roughness test for different specimen codes.

sented in Table 2, the environmental conditions were suitable for the coating
process, in accordance with the established criteria.

Table 2. Results of environmental conditions during the coating process.

Test criteria Result Criteria

Wet bulb 27◦C > 5◦C

Dry bulb 31◦C > 5◦C

Relative humidity 72% < 85% RH

Plate temperature 33.6◦C > 5◦C

The coating process involved referring to the material data sheet for the
coating material to determine the appropriate mixing ratio and curing time.
This study applied an alkyd coat to the plate using the LZI Primer type. Only
the surface covered by the alkyd coat was observed, while the other surfaces were
protected by a sealant. Wet film thickness (WFT) and dry film thickness (DFT)
were used to assess the coating results. The LZI primer coat had an effective
thickness of 55%, meaning there would be a 55% reduction in the DFT test
compared to the WFT. The minimum effective coating thickness required for
this study was 240 µm. Therefore, DFT measurements were used to evaluate the
coating process. If a specimen did not meet the minimum DFT criteria, it was
resprayed to achieve the appropriate thickness. Figure 3 presents the WFT mea-
surement of the specimen, indicating that the minimum dry coating thickness
should be 450 µm. All specimens were stored at room temperature until the
coating dried completely. The results from the DFT method, obtained by multi-
plying the measured WTF thicknesses by 55%, are depicted in Fig. 4, revealing
that the specimens met the required minimum effective thickness criteria.
All specimens were treated using a milling machine with a 5 mm spindle to

create scratches on the coating surfaces. Mouth and bed scratches are the ex-
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Fig. 3. Example of WFT measurement results for the plain specimen.

Fig. 4. DFT measurement results for different specimen codes.

posed areas on the plate caused by the milling process. However, the milling pro-
cess resulted in scratches with a depth of only 0.5 mm. Table 3 provides specifics
about the specimen variables. To obtain major scratches, the scratch area ratio,
which is the percentage of the scratch area to the total plate surface area (As/A),
was set between 10–30% of the total surface area. Furthermore, specimens with

Table 3. Variation in scratch geometry for different specimen codes.

Specimen
code

As/A
[%]

Number
of scratches

Length
of scratch [mm]

Wide
of scratch [mm]

Total scratch
area [mm2]

I 10 1 50 5 250

II 20 1 50 10 500

III 30 1 50 15 750

IV 10 3 16.67 5 250

V 20 3 33.34 5 500

VI 30 3 50 5 750

VII Plain plate
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identical scratch area were differentiated by a single or triple type of scratch.
The visualization of scratches in specimens is shown in Fig. 5.

Fig. 5. Visualization of the specimen with variations in scratch size.

2.2. Procedure for corrosion rate test

The corrosion chemical test was conducted in accordance with ASTM G102
using a NaCl corrosive medium [29]. Three electrodes were used to deter-
mine the corrosion rate of the specimen. A single-channel Potentiostat Cor-
rtest measures the corrosion rate with CS Studio 5 software. To evaluate the
corrosion rate on the plate (CR) Eq. (2.1) was applied, where K1 is equal to
3.27 · 10−3 (mm · g)/(µA · cm · yr), Icorr is the exchange current density (µA/cm2),
ρ is density (g/cm3), and Ew is dimensionless of equivalent weight (for SS400
assumed to be 27.9225 g/equiv).

(2.1) CR =
K1 · Icorr · Ew

ρ
.

Table 4 presents the results of the exchange current density for SS 400 mild
steel obtained through chemical corrosion testing. The corrosion rate of the
plate was determined using Eq. (2.1), based on the exchange current density.
This study shows that plates with triple scratches (scenarios IV, V, and VI)
exhibit a slightly higher corrosion rate than those with a single scratch (sce-
narios I, II, and III) at the same scratch area ratio. While a triple scratch
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Table 4. Result of corrosion rate for different scratch types.

Scenarios Icorr [µA/cm2] Corrosion rate [mmpy]

I 283 3.29 · 10−2

II 526 6.11 · 10−2

III 672 7.82 · 10−2

IV 330 3.84 · 10−2

V 593 6.89 · 10−2

VI 721 8.38 · 10−2

VII 5.45 6.30 · 10−4

involves six mouth scratches, a single scratch has only two. As a result, the
triple scratch yields a larger exposed area compared to the single scratch. How-
ever, even with similar scratch area ratios, the increase in corrosion rate varies.
Interestingly, as the scratch area ratio increases, its impact on the corrosion rate
diminishes, likely due to the diminishing effect of additional scratch openings on
the exposed area. Calculations reveal that for scratch area ratios of 10%, 20%,
and 30%, the corrosion rate increases by 17%, 13%, and 7%, respectively, when
transitioning from a single to a triple scratch.
This study shows that larger scratch areas were found to lead to more criti-

cal steel corrosion, consistent with previous findings [30, 31]. The study demon-
strated that larger cracks reduce the protected area, increasing the plate’s sus-
ceptibility to corrosion. On the other hand, the plain plate showed almost no
visible corrosion, providing evidence that the alkyd coating effectively protected
the plate.
Figure 6 displays the yearly corrosion rate curve fitting based on experimen-

tal data used for grounding simulation. The regression formula yielded a qua-

Fig. 6. Yearly corrosion rate and scratch area curve fitting between the numerical simulation
results and the experimental results from Fontana and Greene [32].
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dratic trendline. Three corrosion points, marked in red cross points at 5%, 10%,
and 15%, were selected for the grounding scenario. The corrosion rates for each
scenario were obtained by fitting the experimental data to the curve and round-
ing to the nearest number. Corrosion levels on the plate, based on the corrosion
rate, were referenced from Fontana and Greene [32] for analysis. As shown
in Fig. 3, the specimen with the plain plate (scenario VII) exhibited an ex-
ceptionally low corrosion rate, with the corrosion level below 0.02 mmpy. In
contrast, the other specimens were categorized as having excellent corrosion
resistance, with corrosion rates ranging from 0.02 to 0.1 mmpy.

3. Grounding simulation

3.1. Material model

SS400 steel was used to determine the corrosion rate in the corrosion exper-
imental test. However, for the LS-DYNA grounding simulation, only S235 steel
was used, as its mechanical properties are readily available in the software. Both
SS400 and S235 are commonly used in structural applications such as building
frames, bridges, and construction projects due to their good weldability and
low carbon content, which reduces the risk of weld cracking. The primary dis-
tinctions between the two materials lie in their specific standards and slight
variations in chemical composition and mechanical properties. S235 generally
has a lower carbon content, limited to 0.17%, slightly affecting material selec-
tion based on regional standards and engineering requirements. Several studies
adopted S235 steel mechanical properties for grounding simulation using an
isotropic-kinematic hardening material model [33–35]. This isotropic-kinematic
material model is widely used in ship grounding and failure simulations and is
readily available in LS-DYNA. In the grounding simulation, a 1200× 720× 5 mm

Table 5. Material properties of S235 steel grade.

Material properties Value Unit

Density (ρ) 7850 kg/m3

Young’s modulus (E) 210 GPa

Poisson’s ratio (υ) 0.3 –

Yield stress (σ0) 235 MPa

Tangent modulus (Etan) 672 MPa

Beta (β) 0.225 –

Strain rate constant (C) 500 s−1

Material constant (p) 5 –

Strain failure predefined (εfailp ) 0.35 –



Effect of initial scratch on ship bottom plate corrosion rate. . . 9

sample from the Alsos and Amdahl experiment [36] was used to evaluate bot-
tom strength. Structural steel S235 from the Alsos and Amdahl experiment [36]
was also used for model validation.
Cowper and Symonds developed the Cowper–Symonds (CS) model [37] to

evaluate the quasi-static yield stress (σs
y) and dynamic flow stress (σ

d
y) in terms

of uniaxial effective plastic strain (ε) and strain rate (ε̇). The flow stress for the
isothermal condition in the CS model is formulated in Eq. (3.1).

(3.1) σy(ε, ε̇) = σs
y(ε)

(
1 +

(
ε̇

C

) 1
p

)
,

where C and p are material parameters selected to describe the material’s sen-
sitivity to strain rate. The quasi-static yield stress σs

y is explained by the power
lawin Eq. (3.2):

(3.2) σy(ε, ε̇) = K(ε+ ε0)
n,

where ε0 =
(
E
K

) 1
(n−1) , K is the strength hardening coefficient, n is the strength

hardening exponent, and E is Young’s modulus. With Eq. (3.2), Eq. (3.3) be-
comes:

(3.3) σy(ε, ε̇) = K

[
ε+

(
E

K

) 1
(n−1)

]n [
1 +

(
ε̇

C

) 1
p

]
.

This study uses a strain failure criterion as a parameter for assessing struc-
tural damage, as shown in Eq. (3.4). Material failure occurs when the plastic
strain of the material reaches the predefined strain failure limit:

(3.4) εp ≥ εfailp .

3.2. Model of artificial scratch geometry

The initial scratch on the plate exhibits a random pattern. To standard-
ize the experimental set up, an artificial scratch was created in a rectangular
area, as shown in Fig. 7. Scratches on the plate can peel off the steel coat-
ing, and in the worst case, they can wear down the steel plate [38]. So, in this
study, the artificial scratch was given a depth of 0.5 mm. Six different artifi-
cial scratches were created, shown in Fig. 7. In Fig. 7, scenarios B, C, E, and F
have scratches positioned a 200 mm away from the plate edge.Mursid et al. [26]
used a 200 mm pitch in their grounding simulation of a 1200× 720× 5 mm plate.
The scratch widths of 60 mm and 36 mm represent 5% of the ratio of scratch to
plate area.
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Fig. 7. Six different scenarios of scratch geometry.

The precise dimensions of the six initial scratches in this simulation are de-
picted in Fig. 7. Each scenario was subdivided into three conditions: the initial
state and exposures of 5 and 10 years to seawater. Consequently, a total of 18 sce-
narios were utilized in the grounding simulation. As indicated by Fig. 8, a scratch
of 0.5 mm was introduced on the plate’s surface in the initial condition. Over an
extended period of exposure to the environment, the scratched portion of the
plate underwent corrosion, while the coated surface remained unaffected. In this
study, corrosion only affects the scratched bed, while the scratch in the mouth
is neglected. Accordingly, the width of the scratch remains unchanged following
the corrosion effect. Corrosion consumes steel in a random and uneven man-
ner. Therefore, the corroded plate was refined for the grounding simulation to
establish an ideal geometry for finite element modeling. Upon analyzing the re-
fined geometry, it became evident that corrosion occurred orthogonally to the
surface of the plate, resulting in a consistent width of the corroded scratch.

Fig. 8. Schematic diagram of material lost due to corrosion process.
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The corrosion growth in this simulation was conducted based on the ex-
perimental corrosion test results shown in Fig. 6. The test showed that at 5%,
10%, and 15% scratch areas, the corresponding corrosion rates were 0.02 mmpy,
0.04 mmpy, and 0.05 mmpy, respectively. To find the scratch depth (d) in the
grounding simulation, Eq. (3.5) was used. Here, Ty represents the exposed pe-
riod of the bottom plate in years, d0 is the initial depth of the scratch, and CR
is the corrosion rate. The resulting scratch depths in the grounding simulation
are shown in Table 6.

(3.5) d = d0 + CR · Ty.

Table 6. Grounding scenarios.

Scenario codes As/A [%] CR [mmpy] Ty [years] d [mm]

A0 5 0.02 0 0.5

A5 5 0.02 5 0.6

A10 5 0.02 10 0.7

B0 10 0.04 0 0.5

B5 10 0.04 5 0.7

B10 10 0.04 10 0.9

C0 15 0.05 0 0.5

C5 15 0.05 5 0.75

C10 15 0.05 10 1.0

D0 5 0.02 0 0.5

D5 5 0.02 5 0.6

D10 5 0.02 10 0.7

E0 10 0.04 0 0.5

E5 10 0.04 5 0.7

E10 10 0.04 10 0.9

F0 15 0.05 0 0.5

F5 15 0.05 5 0.75

F10 15 0.05 10 1.0

3.3. Boundary condition and applied load

Figure 9 shows the boundary conditions for this simulation. The grounding
incident boundary conditions are modeled similarly to those in the study by
Mursid et al. [26], which were based on experimental results from Alsos and
Amdahl [36]. An indenter penetrates the plate in the orthogonal direction,
while the plate is fixed along all edges. The ship scratch position is on the outer
plate of the ship bottom so that this scratch faces directly toward the indenter.
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In previous studies, various indenter shapes have been used to represent seabed
conditions, with spherical impactors being the most common to simulate the
effect of a rock [36, 39–43]. Additionally, the material used in this simulation,
as well as in the Alsos experiment, is S235 steel.

Fig. 9. Boundary condition of grounding simulation.

An 8-node solid element was used in the modeling of the ship groundings
simulation. A 3D solid element was needed to capture the failure phenomenon
in the plate impacted by the circular indenter. The node position in the hexa-
hedron element is defined by Eq. (3.4) [44]. For comparison, Φj , a shape func-
tion for 8-node hexahedron elements, is calculated in Eq. (3.5). Equations (3.4)
and (3.5) are used to compute node displacements in this simulation, which
models a grounding incident. On the other hand, the indenter is described as
a rigid element in this simulation, where stress-strain calculations are neglected
in the elements due to its rigid nature.

xi(xa, t) = xi
(
xa(ξ, η, ζ)t

)
=

n∑
k=0

Φj(ξ, η, ζ)x
j
i (t),(3.6)

Φj =
1

8
(1 + ξξj)(1 + ηηj)(1 + ζζj).(3.7)

3.4. Validation test between numerical and experimental tests

The LS-Dyna simulation employed in this study was validated with data
from the Alsos and Amdahl experiment [36]. A plain plate was utilized for
the validation of the numerical methods. This validation approach was previ-
ously used by Mursid et al. [26], as depicted in Fig. 10. Figure 10 demonstrates
a striking similarity in the patterns of increasing reaction force with indenter
penetration between the experimental and numerical results. Moreover, it was
observed that the plate experienced failure near 200 mm of indenter penetration.
The validation results show that the error between the numerical simulation and
Alsos and Amdahl experimental data is within acceptable limits, with a maxi-
mum reaction force error of 5.8% and a maximum penetration error of 7.89%.
These errors are considered acceptable for the purpose of this study. To fur-
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Fig. 10. Validation test between the current numerical simulation and the Alsos and Amdahl
experiment [36].

ther support this validation, the damaged contour of the plain plate exhibited
similar patterns in both experimental and simulations results, as illustrated in
Fig. 11. This reveals that the location of the crack in both the experimental and
simulated results was found on the narrow sides of the plate.

a) b)

Fig. 11. Crack displacement in the grounding simulation:
a) Alsos and Amdahl experiment [36], b) numerical simulation.

4. Result and discussion

The reaction force analysis is crucial in collision and grounding incidents
due to its direct correlation with kinetic energy. Kinetic energy is an integral
factor in these simulations, representing the cumulative effect of reaction force on
the displacement of penetration. Higher kinetic energy values in the simulation
indicate that more resistance is required to induce structural failure. On the
other hand, a decline in reaction force during the grounding incident suggests
the initiation of crack nucleation. Investigating reaction force and kinetic energy
in the plain plate serves as a benchmark test to assess the impact of scratches
and corrosion. Examining various scenarios, as illustrated in Figs. 12 and 13,
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Fig. 12. Comparison of the reaction force in all grounding simulation scenarios.

Fig. 13. Reaction force in the grounding simulation for the plain plate, scenarios D, E, and F.

demonstrates a consistent increase in reaction force across all cases, indicating
that a plate with an early crack requires less energy to propagate the crack. The
observed drop in reaction force during the grounding incident further supports
the initiation of crack nucleation.
Figure 12 shows the reaction force during the grounding incident for the

plain plate scenarios A, B, and C. It is evident that a single strip of scratch
(scenario A) has small effect on the grounding incident compared to the plain
plate. The corrosion effect does not significantly influence the maximum reaction
force. The insignificant decrease in reaction force influences the kinetic energy
required to break the plate, as shown in Fig. 14. Reaction force and kinetic
energy in scenarios B0 and C0 are similar to scenario A. Additionally, the oc-
currence of double and triple scratch strip corrosion (scenarios B5, B10, C5,
and C10) suggests a compromised (reduced) plate strength. The structure con-
sistently demonstrates similar reaction force and kinetic energy values across all
initial conditions and exposure periods.
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Fig. 14. Comparison of the kinetic energy across all grounding scenarios.

Figure 13 shows the reaction force in the plain plate and horizontal scratch
stripe (scenarios D, E, and F). The reaction force for a single horizontal (sce-
nario D) is comparable to a single vertical stripe (scenario A), which proves that
a single stripe scratch in the middle plate has little influence in both vertical and
horizontal directions. Figure 14 and Table 7 show the effect of scratches and ex-

Table 7. Reduction percentage of kinetic energy.

Grounding scenario Kinetic energy [kJ] Reduction percentage of kinetic energy [%]

Plain 109 –

A0 101 8

A5 97 12

A10 97 12

B0 96 13

B5 83 26

B10 74 35

C0 98 11

C5 81 28

C10 68 41

D0 108 1

D5 108 1

D10 108 1

E0 64 45

E5 49 60

E10 37 72

F0 63 46

F5 45 64

F10 33 76
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posure time on the strength of the structure, measured by kinetic energy. The
kinetic energy in scenario D is higher than in scenario A. However, the presence
of two and three horizontal stripes (scenarios E and F) influences the reaction
force pattern. With each additional year of exposure, scenarios E and F have
similar reaction force values, i.e., they decrease consistently. The kinetic energy
in scenarios E and F decreases drastically over time. In the worst scenario (sce-
nario F10), kinetic energy is reduced to one-third of the plain plate’s kinetic
energy. Based on these kinetic energy parameters, this indicates that a 1 mm
depth in the scratch area can reduce the plate’s strength by almost 70%.
A perfect circular crack emanates from a single strip of scratch, represented

in the plain plate, scenarios A0, A5, A10, D0, D5, and D10. Circular cracks can
be predicted by circular stress hotspots, as shown in Fig. 15. In the next step,
the crack initiates on the narrow side of the plate near the contact point, as seen
in Fig. 16, and then spreads to the other side in a circular pattern, as seen in
Fig. 17. Scenarios A and D show the effect of a single stripe on crack geometry,
where the crack can be neglected, similar to the plain plate.
Scenarios B, C, E0, and F0 show a crack pattern similar to that of a riser

clamp. Figure 15 shows that the hotspot stress can appear as a circular pattern
or a couple of crescents, forming a crack pattern like that of a riser clamp. Shortly
thereafter, a crack initiates on the wider side in scenarios B and C, caused by
a couple of stripes beside the contact point. These stripes shift the weakest point
of stress from the narrow side to the wider side (see Fig. 16). On the other hand,
Fig. 16 shows that in scenarios E0 and F0, the crack initiates on the narrow side
because of a couple of scratches in this position. This suggests that scenarios B,
C, E0, and F0 are weak points on the plate. Figure 17 shows how the crack
propagates in an arc pattern, and when it meets the scratch side, it deflects to
become a straight crack.
In scenarios E5, E10, F5, and F10, Fig. 14 shows that the stress hotspot is in

the center of several scratches. Crack nucleation on the narrow side can be seen
in Fig. 15. Then, the crack propagates in a straight line, following the scratch
stripes, as shown in Fig. 16. A deeper scratch is needed to create a collateral
crack, which does not occur in scenarios E0 and F0.
The results indicate that certain factors influence the final form of cracks in

the grounding simulation. Specifically, these factors are area ratio, depth, and
position of the scratch. Furthermore, the findings align with previous studies on
the same or similar topics, validating or supporting the conclusions of earlier
research. Several studies have shown that circular indenters in impact simula-
tion will cause plate fracture, in a circumference pattern at the contact point
[26, 45–47]. On the other hand, a study on the effect of local corrosion, partic-
ularly pitting corrosion, shows that local corrosion can alter crack and failure
modes [26]. Furthermore, studies on plates with local corrosion subjected to
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Fig. 15. Hotspot stress before crack nucleation at all grounding scenarios.
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Fig. 16. Crack initiation at all grounding scenarios.
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Fig. 17. Crack propagation at all grounding scenarios.



20 O. Mursid et al.

axial compression and tension, indicate that several corrosion conditions can
change crack initiation and propagation [48–50].

5. Conclusion

In this study, an experimental corrosion test was conducted to investigate the
effect of scratches on the corrosion rate. Variations in the corrosion experiment
involved changes in the scratch ratio and the number of scratch stripes. Based
on experiments’ results, it was observed that an increase in the scratch ratio
percentage led to an increase in the corrosion rate, following a quadratic func-
tion. Plates with three stripes showed a slightly higher corrosion rate compared
to those with a single stripe. The corrosion rate data obtained from the exper-
imental tests were then regressed for application in the grounding simulation.
The grounding simulation in this study was performed in 18 different scenar-

ios. The simulation results from the plain plate were validated against the Alsos
and Amdahl experiment, confirming that the boundary conditions and simula-
tion settings were appropriate. A correlation was observed between the reaction
force and crack patterns in the plate. Circular cracks required more energy to
initiate, followed by riser clamp-like cracks and straight cracks. The study found
that crack nucleation occurred earlier in plates with two or three stripes than
those with a single stripe. Additionally, plates with two or three stripes exposed
to seawater for longer periods exhibited weaker performance during grounding
incidents.
Based on this study, scratches on the ship’s surface strip away its protective

coating, accelerating corrosion on the affected plates. This phenomenon sig-
nificantly reduces the ship’s structural strength, particularly during grounding
incidents. Prolonged exposure of these scratches to corrosive environments can
lead to a drastic decrease in strength over time. However, since scratches on the
ship’s bottom are difficult to inspect, the need for regular detection of potential
damage to ship plates is crucial. While this study, focused on grounding condi-
tions, future research could explore the effects of corrosion due to scratches in
other scenarios, such as hull girder strength, collisions, fatigue, and other struc-
tural integrity concerns.
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