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Numerical Analysis of Ship Hull Structure under Bulbous Bow Collision:
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This paper presents a comprehensive finite element analysis (FEA) of a ship’s side shell structure un-
der the influence of a bulbous bow collision. The geometry of the forwardmost portion of the bulbous
bow of the striking ship is simplified into four different shapes — spherical, cylindrical with hemispher-
ical end, trapezoidal prism and wedge shape — to investigate the structural damage and determine the
effective bulbous bow shape in terms of structural integrity of the side shell under the impact of the bul-
bous bow during collision. Several collision scenarios are simulated varying the collision velocities and
bulbous bow shapes and validated with analytical results using two different analytical methods. The
analysis yields critical information regarding reaction forces, penetrations and energy absorptions. The
numerical results show good agreement with the analytical findings, particularly until crack initiation
into the hull structure. The spherical shape is found to be the more effective bulbous bow shape, as
determined by the maximum energy absorbed and reaction forces exerted by the side shell against the

impact of the bow during penetration until fracture into the hull structure.

© SEECMAR | All rights reserved

1. Introduction.

Historically, maritime incidents involving collisions have
had far-reaching consequences, leading to loss of life, environ-
mental damage and economic losses. Ship collisions can occur
in various forms, depending on the speeds, angles, points of
impact and relative positions of the vessels involved. There is a
higher probability that a ship may have a major collision strike
over her lifespan as sea channels are getting more crowded
and ship speeds are rising [1]. The European Maritime Safety
Agency recently released its annual overview of marine casu-
alties and incidents. It stated that the most common cause of
casualties between 2014 and 2022 is collisions, accounting for
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21.6% of all incidents. Between 2010 and 2020, collisions ac-
counted for the majority of medium-sized (between 7 and 700
tonnes) and big (above 700 tonnes) oil spills. Furthermore, col-
lisions and grounding were the cause of 62% of these spills
from 1970 to 2023. Approximately 2,000 tonnes of oil were
lost to the marine environment in 2023, despite the fact that the
total amount of oil lost from tanker spills was the second lowest
annual total in the previous 50 years.

In addition to operational and environmental factors, struc-
tural topology can have an impact on a ship’s dynamic reac-
tion after a grounding or collision [2], [3], [4]. The bulbous
bow, an extension of a ship’s hull, is mostly designed to en-
hance the hydrodynamic performance of a ship by reducing
wave-making resistance. However, in the event of a collision,
the bulbous bow can exert significant forces on the impacted
structure which potentially leads to structural damage or fail-
ure [5]. Particularly when they happen close to coastal areas or
small canals, collisions of hazardous substance carriers like oil
tankers, LNG/LPG can pose major environmental concerns [6],
[7]. The collision between the bulbous bow and the side shell
referred as Bow-to-Side collision can cause substantial damage
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to both the bow and side shell structures [8], [9]. It is vital to
precisely model the structural reliability of the ships involved
in the accident, including the impact strength and level of dam-
age, in order to prevent such consequences. One of the main
concerns with the prospective design criteria is determining the
precise level of damage to the ship structures that are subject to
impact loadings. Experiments, finite element simulations, em-
pirical formulas, and simplified analytical techniques are uti-
lized to evaluate the underlying mechanics of impacted struc-
ture [10], [11], [12]. As real-life experiments are constrained by
various limitations and complexities, the utilization of finite el-
ement analysis has emerged as a valuable tool. It facilitates the
assessment of impact force, energy absorption, and the extent of
damage incurred by the impacted structure in collision scenar-
ios. This computational approach offers advantages in terms of
flexibility, cost-effectiveness, and the ability to simulate diverse
collision scenarios with precision and reliability. For instance,
the energy absorbed during a collision and the degree of dam-
age resulting from significant in- and out-of-plane loadings in
the hull structures have been determined using extensive finite
element models of ship structures [1], [13], [14], [15], [16].
Particularly, the nonlinear finite element method (NFEM) has
been regarded as an effective and practical technique for more
accurate calculations of the structural crashworthiness in ship
crashes [13], [17], [18]. Non-linear finite element method can
precisely produce a structural impact response without fracture
with the real material properties and boundary conditions [19],
[20], [21].

Figure 1: Damage in the RoPax Vessel URD [13].

Source: Authors.

As maritime transportation evolves, there’s a notable trend
toward larger ship sizes, necessitating the advancements in struc-
tural design to accommodate these changes. Larger vessels
are typically constructed using longitudinal framing techniques,
emphasizing the use of longitudinal members such as stiffeners
to enhance structural integrity of the vessel. However, exist-
ing experimental and numerical analyses of ship hull structures
during collisions predominantly focus on vessels with longi-
tudinal and combined framing configurations [11], [17], [22],
[23]. The impact responses of ship side shells during collisions
with bulbous bows are also evaluated highlighting the impor-
tance of stiffeners in enhancing crashworthiness [24]. Contrast-
ingly, smaller to medium-sized ships, including inland vessels,
typically employ transverse framing structures, with limited in-
corporation of longitudinal elements. These vessels are partic-

ularly prone to collisions due to the narrow confines of inland
waterways and the dense maritime traffic they navigate. There-
fore, there’s a pressing need to investigate the structural behav-
ior of the side shell of these vessels to accurately predict the
extent of damage and failure resulting from severe collisions.

This research paper aims to investigate the penetration depth,
impact resistance and energy absorption of double hull struc-
ture of a medium sized ship which is subjected to collision with
the bulbous bow of another ship. The struck ship’s failure be-
haviour and plastic deformation are significantly influenced by
the striking bow’s geometry [1], [25]. To assess the structural
damage and deformation characteristics of the ship side shell
under bulbous bow collision, a finite element (FE) approach
was employed to capture the complex stress-strain behavior and
failure progression. The methodology builds upon established
finite element strategies for modeling irregular domains and un-
structured meshes, which are crucial in capturing the geometric
complexity of ship structures and collision interfaces [26]. For
numerical analysis aimed at determining the structural failure
of the impacted structure, it is feasible to simplify the com-
plex geometry of the bulbous bow shape retaining key features
essential for accurately predicting structural responses during
collision events [13], [27], [28]. This simplification approach
involves representing the bulbous bow shape using simplified
geometric shapes. Four different shapes i.e. Spherical, Cylin-
drical with Hemispherical End, Trapezoidal Prism and Wedge
are used in order to identify the most effective simplified bul-
bous bow shape in terms of structural damage. This research
is important for improving safety measures and informing the
design and construction of inland vessels, ensuring their re-
silience against collision events in challenging operating envi-
ronments. The knowledge can lead to the implementation of
targeted safety, ultimately reducing the risk of structural fail-
ures and potential disasters at sea.

2. Model and Geometry.

2.1. Finite Element Model.

In this paper ABAQUS software is used to build four finite
element models of a double hull structure subjected to colli-
sions with bulbous bows. Dynamic analysis, often known as
time-history analysis, is carried out to investigate how the struc-
ture will react dynamically to any kind of broad time-dependent
stress. In the inner plate, fixed support is applied for the analy-
sis.

Initially the collision is taken as a sharp Bow-to-Side colli-
sion which presents the striking ship directly hit the struck ship
at an angle of 90 degrees and the striker is regarded as a stiff
structure. The ship collision scenario is represented by the nu-
merical simulations conducted by the ABAQUS CAE software.
The outer shell of a double-hull general cargo ship is struck by
a stiff bulbous bow of a striking ship (Fig. 2).

The geometry of the side shell structure of the reference
ship is shown in Fig. 3. and Table 1 lists the reference ship’s
primary dimensions. The model has a double-hull and a double-
bottom structure. The double-hull comprises fifteen frames,
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Figure 2: Bulbous bow to ship side collision scenario.
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Source: Authors.

three stringers, one inner panel, and one outer panel. The bot-
tom structure includes two girders, one outer bottom and one
inner bottom.

Figure 3: Dimension of the side shell structure.
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Figure 4: Finite element model of the side shell structure of the
struck ship.

Source: Authors.

The collision event is assessed using dynamic explicit me-
thod for numerical simulations, in which the double bottom
construction of the model is bounded by three girder spacings,
and the double hull structure is restricted by three stringer spac-
ings along the vertical direction and sixteen frame spacings
along the longitudinal direction (Fig. 4). The frame spacings
and the stringer and girder spacings are 500 mm and 2500 mm
respectively. The plate thickness of both inner and outer panel
is 10 mm, the plate thickness of the frames is 14 mm, the plate
thickness of stringer and girder is 12 mm. The height of frames
and stringer is 1.25 m indicated in Table 2.

Table 1: Main particulars of the struck ship.

Length Overall 90 m
Length Between Perpendicular | 85 m
Breadth Moulded 14m
Draught Moulded 6.1l m
Depth Moulded 9.45m
Deadweight 4868 tonnes

Source: Authors.

Table 2: Scantlings of the finite element model.

Frame Spacing 500 mm
Stringer Spacing 2500 mm
Girder Spacing 2500 mm
Frame Height 1250 mm
Double Bottom Height 1100 mm
Frame Thickness 14 mm
Outer & Inner Plate Thickness | 10 mm

Source: Authors.

Structural response mostly depends on the forwardmost ge-
ometry of the bulbous bow in case of ship collision scenario.
The forwardmost part of the bulbous bow can be compared with
some simplified geometry to evaluate the impact response of the
ship hull structure against these striking bows. The more accu-
rate result can be obtained by generating the existing different
bulbous bow models. Hence the simplified shapes are designed
to evaluate the structural behavior of the ship hull structure. The
model of each part was generated according to their respective
geometry and dimensions and assembled together to give it a
shape close to the real scenario. To assess the resistance of
struck structure conservatively, the striking bow is considered
to be rigid. Four distinct shapes are chosen for the evaluation in
order to identify the effective shape of bulbous bow. The shapes
modelled for the analysis are hemispherical, trapezoidal prism,
wedge, and cylinder with hemispherical ends. The models gen-
erated for the analysis are shown in Fig. 5. These four distinct
forms’ cross-sectional areas were maintained almost equal. The
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final supporting requirement was given as fixed. Table 3 shows
the dimensions of these simplified striking bows. The finite el-
ement models incorporated with both the side shell and striking
bows are presented in Fig. 6.

Figure 5: Simplified shapes of striking bow.

a) Spherical b) Cylindrical with hemispherical end

——

c) Trapezoidal prism

Source: Authors.

Table 3: Dimensions of the simplified bow shapes.

Model Name

Hemispherical

Cylinder with hemispherical end
Trapezoidal Prism

Wedge

Dimension

750 mm (Diameter)

1500 mm x 750 mm

1500 mm x 750 mm x 250 mm
1500 mm = 750 mm

Source: Authors.

2.2. Material.

Fig. 6. Bulbous bows in contact with the side shell structure

For energy absorption collision assessments, the material
properties are crucial parameters. These parameters include
yield stress o, ultimate tensile stress o, and elongation at
break &y also referred to fracture strain or rupture strain. Ac-
cording to research done on materials data from the shipbuild-
ing sector the ultimate tensile stress of the materials has a sig-
nificant influence on the rupture strain [13]. Typically, as the
ultimate tensile stress of a material rises, its rupture strain tends
to decrease. The choice of materials has a direct impact on
the strength and cost of the ship. Hence it is crucial in struc-
tural design. Mild steel and higher-strength steel are commonly
used in the construction of hull structures due to their excep-
tional properties including high strength, adequate ductility, and
cost-effectiveness [29]. When a material undergoes large defor-
mations, it tends to become harder, meaning it resists further
deformation more strongly. This hardening behavior plays a
crucial role in ductile fracture, as it influences how the material
deforms and ultimately fails when subjected to excessive loads.
For a certain stress states, such as uniaxial tension and equi-
biaxial tension, high-tensile strength steel AH36 shows higher
ductility as compared to mild steel A [30]. Mild Steel Grade I is

assigned as the material for both the shell structure and the bul-
bous bow to analyze the collision scenario, damage of the shell
structure and energy absorption as well. Mild steel is highly
weldable, allowing for efficient and secure joining of various
components. This is essential in shipbuilding, where numerous
sections and plates need to be seamlessly connected. Mild steel
is widely available and can be sourced easily from various sup-
pliers, making it a practical choice for shipyards. The properties
of Mild Steel used for the analysis is given in Table 4.

Figure 6: Bulbous bows in contact with the side shell structure.

a) Spherical bow

b) Cylindrical with hemispherical end bow

¢) Trapezoidal prism bow d) Wedge bow

Source: Authors.

Table 4: Material Properties of the Model.

Material Used Mild Steel Grade I
Density, (p) 7850 kg/m3
Modulus of Elasticity (E) 210 GPa
Poisson’s Ratio (¥9) 0.29

Yield Strength (o) 250 MPa
Ultimate Tensile Strength () 410 MPa

Plastic Strain (g) 0.23

Source: Authors.

In ship-ship collision analysis, it’s commonly assumed that
the bow of the striking ship is rigid, meaning it doesn’t deform
significantly upon impact [31]. This assumption simplifies the
analysis by focusing solely on the energy absorbed by the ship
being struck. The structural damage can be roughly estimated
by assuming that the damage to the side shell of the struck ship
is mostly confined around the rigid bow of the struck ship [13].

In previous studies on ship collision conducted using an-
alytical method, the friction effect between the bow and im-
pacted structure was not considered. Later in 2009, the friction
coefficient was evaluated and measured by Karlsson et. al [32]
and found that friction coefficient u can have a magnitude of
0.23 which has been frequently used in several ship collision
study in case of numerical simulations. Some finite element
calculations have accepted the assumption that friction does not
play a substantial role in ship collisions. A further investigation
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was conducted regarding the contribution of friction coefficient
on energy absorption and revealed that the contribution is negli-
gible when the penetration is small but it gradually increases as
the penetration depth increases where the contribution is almost
10% in case of large penetration [13]. In this paper the friction
coefficient is taken 0.3 for the analysis.

2.3. Inertia and Boundary Condition.

Both inertia and boundary conditions are fundamental as-
pects of any finite element analysis, ensuring that the numer-
ical simulations accurately represent real-world scenarios and
provide reliable engineering insights. When modeling dynamic
events, it is essential to include inertia effects to properly ac-
count for the behavior of the structure under acceleration or de-
celeration. This involves defining the mass properties of the
components, specifying the initial conditions, and selecting the
appropriate analysis type. The inertia was applied at the refer-
ence point of the rigid bow which is basically the point where
the mass of striking ship is concentrated and the point is in con-
tact with the shell structure (Fig. 7a). Appropriate boundary
conditions are crucial for accurately representing the physical
behavior of the structure. It ensures that the model behaves real-
istically and provides meaningful results. The exposed edges of
the structural component i.e. outer panel, inner panel, stringers,
frames, girders are set fixed and no movement is allowed in any
directions (Fig. 7b) so that the actual penetration of the bulbous
bow can be obtained.

Figure 7: Boundary condition (a) bulbous bow; (b) entire struc-
ture.

Source: Authors.

3. Finite Element Result.

A number of variables, including the relative displacements
of the two ships, their speeds, the location of the collision, the
angle of the collision, and the strength of their constructions, af-
fect how much damage is done to them in a collision [33], [34],
[35], [36]. Collison speed is one of the most important param-
eters which significantly influences the magnitude of structural
damage and material failure of the structure subjected to dy-
namic loading [20], [37], [38]. According to statistics from real
collisions, striking ships collide at an average speed of 4.27
knots, or 2.20 m/s [39]. The material’s strain rate sensitivity
can be ignored because of the relatively modest collision ve-
locity [40]. For the study, four collision velocity i.e. 1.5 m/s,
2 m/s, 2.5 m/s and 3.0 m/s are taken and the Crushing Force,
Strain Energy, Internal Energy and Total Energy are analyzed

to determine the effective bulbous bow shape among four sim-
plified shapes- Spherical, Cylindrical with Hemispherical End,
Trapezoidal Prism and Wedge.

The striking bow is modeled by shell elements and an ade-
quate offset of 250 mm is defined between the contact surface
of the side shell structure and the bulbous bow. A rigid material
is defined to ensure no deformation to the bulbous bow. The
contact between the striking bow and the struck structure is de-
fined as “Surface to Surface”; the friction coeflicient is assumed
at 0.3.

3.1. Results for 1.5 m/s collision velocity.

The collision is assumed to occur for 1 second and since
the striking bow is rigid, so the bow can penetrate up to 1.25
m through the side shell structure. Fig. 8 and Fig. 9 depict
the numerical forms of permanent deformation as well as the
numerical force-displacement responses and absorbed energy-
displacement curves of the double-hull structure subjected to
various striking bows. Underneath the striker, the struck struc-
ture undergoes significant plastic deformation (Fig. 8). But
because of the low collision velocity the struck ship does not
experience a noticeable rupture at the outer panel and the inner
hull of the side shell remains intact.

Figure 8: Double hull structure struck with different bow shapes
at 1.5 m/s collision velocity.

a) Spherical bow b) Cylindrical with hemispherical end bow

¢) Trapezoidal prism bow d) Wedge bow

Source: Authors.

Because of the contact area with the struck structure, the
striker’s geometry has a significant impact on the failure mech-
anisms and structural plastic deformation. The instantaneous
stiffness of the structure and the reaction force level are repre-
sented by the initial slope of the force-penetration curves (Fig.
9a). Additionally, it shows how resilient the structure is to im-
pact loads and how long it can endure plastic deformation be-
fore fracture. For the structure affected by the wedge and trape-
zoidal prism striker, the slope is initially somewhat large. The
spherical bow’s slope is smaller than the other three, meaning
that the structure needs less reaction force to resist the strik-
ing bow. The numerical simulation curve for energy vs dis-
placement shows the energy absorption of the double hull struc-
ture under the impact of different shapes striking bulbous bow.
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Since the bulbous bow is allowed to penetrate 1.25 m through
the ship hull, no fracture occurs in this range for any of the sim-
plified shape striking bow. The strain energy curve (Fig. 9b)
for trapezoidal prism, cylindrical with hemispherical end and
wedge shape bow noticeably fluctuate with the increase of pen-
etration depth which indicates the greater risk of structural dam-
age. Moreover, there is a rapid drop of energy in case of cylin-
drical, trapezoidal prism and wedge shape striking bow (Fig.
10b) when in contact with the bow. On the contrary, the energy
absorption of the double hull structure is linear and consistent
in case of spherical shape bulbous bow.

Figure 9: Numerical results of various striking bows at 1.5 m/s
velocity.
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Fig 9¢ and Fig 9d illustrate the plastic dissipation and in-
ternal energy absorption of a ship side shell structure subjected
to impacts by bulbous bows with different geometric shapes re-
spectively. It is evident that the plastic dissipation and inter-
nal energy increases progressively with penetration depth for
all bow shapes. The cylindrical bow exhibits the highest plastic
dissipation, suggesting that it induces the most significant plas-
tic deformation in the side shell structure. The trapezoidal and
wedge-shaped bow follows closely, showing a slightly lower
but comparable plastic dissipation. The spherical bow demon-
strates the lowest plastic dissipation energy, indicating that it
causes relatively less plastic deformation compared to the other
shapes. The differences in energy dissipation can be attributed
to the contact area and load distribution characteristics of the
respective bow shapes. Despite the wedge-shaped bow having
a smaller contact area, the crushing force and energy absorp-
tion curves exhibit improved performance in this case. This en-
hancement can be attributed to the alignment of the transverse
frame beneath the outer plate, where the bow’s edge impacts
the frame perpendicularly to its thickness.

3.2. Results for 2 m/s collision velocity.

The deformation of the double-hull structure under the im-
pact of different bulbous bow shapes at a collision velocity of
2 m/s reveals distinct structural responses based on the bow ge-
ometry (Fig 10). For the cylindrical, trapezoidal, and wedge-
shaped bulbous bows, the deformation is more abrupt and rapid.
These geometries concentrate the collision forces over a rel-
atively smaller area, leading to localized stress intensification
in critical structural components such as the outer plate, trans-
verse frames, and stringers. This results in an earlier onset of
cracks within the structure. The spherical bulbous bow exhibits
a smoother and less abrupt deformation response. Its rounded
geometry allows the collision forces to distribute across a broa-
der area, reducing the localized stress intensity and delaying
the onset of structural cracking. This broader force distribution
minimizes the strain concentration in critical areas, enabling
the hull to absorb more energy before experiencing significant
damage.

Figure 10: Double hull structure struck with different bow
shapes at 2 m/s collision velocity.

a) Spherical bow b) Cylindrical with hemispherical end bow

c¢) Trapezoidal prism bow d) Wedge bow

Source: Authors.

Fig. 11a illustrates the variation of reaction force with pen-
etration depth for a ship’s side shell structure when impacted by
bulbous bows of different shapes at 2 m/s collision speed. For
the wedge-shaped bow, the force curve shows sharper peaks fol-
lowed by abrupt drops, indicating that its pointed geometry con-
centrates the impact force over a smaller area, leading to early
crack initiation in the outer plate or transverse frames. In con-
trast, the cylindrical and trapezoidal bows generate smoother
force curves, indicating a more uniform distribution of impact
forces over a larger contact area. These shapes cause a delayed
crack initiation compared to the wedge, as the structure has
more capacity to absorb and redistribute the applied forces. The
spherical bow demonstrates the lowest reaction force values
overall, as its rounded shape distributes the force more evenly
across the contact area. This reduces the likelihood of concen-
trated stress points and delays the onset of cracks, making it the
least aggressive among the shapes in terms of damage initiation.
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Figure 11: Numerical results of various striking bows at 2 m/s
collision velocity.
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The strain energy curves for a collision speed of 2 m/s ex-
hibit a trend consistent with those observed at a lower collision
speed of 1.5 m/s (Fig 11b). This similarity suggests that the
fundamental deformation and energy absorption mechanisms
of the side shell structure remain comparable across these two
collision velocities. While the total strain energy absorbed may
vary due to the increased kinetic energy at 2 m/s, the overall
pattern of how the structure deforms and absorbs energy does
not significantly differ. The plastic dissipation (Fig 11c) and in-
ternal energy (Fig 11d) curves exhibit a steeper slope for cylin-
drical, trapezoidal and wedge shape bow, which refers a rapid
accumulation of plastic dissipation and internal energy as pen-
etration increases. In contrast, the spherical bow shape results
in curves with a less steep slope, indicating a more gradual in-
crease in plastic dissipation and internal energy with penetra-
tion.

Figure 12: Penetration depth at which crack occurs into the
outer hull at 2 m/s collision velocity.
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At a collision speed of 2 m/s, the bulbous bows are allowed
to penetrate up to 1.75 m into the side shell structure. Within
this penetration depth, the crack begins to form in the struc-
ture. Notably, the outer plate ruptures later when impacted by
a spherical bow compared to other shapes. Fig 12 shows the
penetration depth at which crack initiation occurs in the outer
plate. The maximum reaction force and energy absorption of
the structure leading up to the point of crack initiation for dif-
ferent bulbous bow shapes are illustrated in Fig. 13.

Figure 13: Maximum reaction force and absorbed energy be-
fore crack initiation at 2 m/s collision velocity.
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3.3. Results for 2.5 m/s collision velocity.

At a collision speed of 2.5 m/s, the bulbous bow penetrates
up to 2.25 m into the side shell structure, resulting in notable
deformation patterns in the ship hull. These deformations are
illustrated in Fig 14 & Fig 15, which provides a detailed depic-
tion of the structural response for different bulbous bow shapes.

Figure 14: Deformation of outer hull under the impact of dif-
ferent bows at 2.5 m/s collision velocity.

a) Spherical bow b) Cylindrical with hemispherical end bow

¢) Trapezoidal prism bow d) Wedge bow

Source: Authors.

The observed deformation patterns at this collision speed
closely resemble those at lower speeds, such as 1.5 m/s and 2
m/s which indicates a consistent response trend under varying
impact velocities.
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Figure 15: Deformation of inner hull under the impact of dif-
ferent bows at 2.5 m/s collision velocity.

a) Spherical bow b) Cylindrical with hemispherical end bow

¢) Trapezoidal prism bow d) Wedge bow

Source: Authors.

Figure 16: Numerical results of various striking bows at 2.5 m/s
collision velocity.
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Fig 16 highlights the numerical results of the side shell un-
der the impact of various bulbous bow shapes. Among the
tested geometries, the spherical bulbous bow demonstrates the
most favorable structural performance, as evidenced by its su-
perior reaction force response. This improved performance can
be attributed to the geometrical symmetry of the spherical bow,
which facilitates a more uniform distribution of impact forces
across the structure. The energy absorbed by the side shell due
to strain is also highest for the spherical bulbous bow, demon-
strating its effectiveness in distributing impact energy. Fig 16c
and Fig 16d depict the plastic dissipation and internal energy
curves, respectively. These curves reveal that the total energy
absorbed by the side shell at 2.5 m/s collision speed is greater
than that at 2 m/s, reflecting the increased kinetic energy at
higher velocities. Unlike at lower collision speeds, where the

Figure 17: Penetration depth at which crack occurs into the
outer hull at 2.5 m/s collision velocity.
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inner hull remains unaffected due to limited penetration depths,
the 2.5 m/s collision speed results in plastic deformation of the
inner hull. This deformation contributes significantly to the
overall reaction force and energy absorption of the hull struc-
ture, effectively enhancing the structural resilience of the ship.
Fig 17 shows the penetration depth at which crack initiation oc-
curs in the outer plate for different bulbous bow shapes. The
spherical bulbous bow initiates cracks at a slightly greater pen-
etration depth compared to other shapes, showcasing its ability
to delay structural failure. This delayed cracking is attributed to
the bow’s geometrical symmetry, which promotes a more uni-
form distribution of strain and reduces localized stress concen-
trations.

The curves in Fig 16 also indicate that the side shell con-
tinues to exert higher reaction forces even after crack initiation.
This behavior can be explained by the presence of transverse
frames located beneath the outer plate at the point of impact.
These frames act as a secondary defense line, absorbing ad-
ditional energy and enhancing the hull’s resistance to further
damage.

Figure 18: Maximum reaction force and absorbed energy be-
fore crack initiation at 2.5 m/s collision velocity.
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3.4. Results for 3 m/s collision velocity.

In this case, the collision is assumed to occur for 1 second
and since the striking bow is rigid, so due to the offset distance
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of 250 mm the bow can penetrate up to 2.75 m through the
side shell structure. The plastic strain, deformation and frac-
ture are demonstrated for various simplified bow shapes. From
the simulation results of double hull structure against different
shaped bulbous bow it can be seen all the structural component
of the side shell structure undergoes a plastic deformation and
the outer hull, frames and inner hull finally rupture when the
collision speed is 3 m/s (Fig. 19 & Fig. 20).

Figure 19: Deformation of outer hull under the impact of dif-
ferent bows at 3 m/s collision velocity.

a) Spherical bow b) Cylindrical with hemispherical end bow

¢) Trapezoidal prism bow d) Wedge bow

Source: Authors.

Figure 20: Deformation of inner hull under the impact of dif-
ferent bows at 3 m/s collision velocity.

a) Spherical bow b) Cylindrical with hemispherical end bow

¢) Trapezoidal prism bow d) Wedge bow

Source: Authors.

Fig 21 illustrates the numerical results of force-displacement
and energy absorption-displacement curve of the double hull
structure under various striking bows. The initial crack occurs
at different penetration depth into the side shell structure for
different bow shapes is shown in Fig 22. The force-penetration
curve of numerical simulation for 3 m/s velocity of striking ship
shows that the double hull structure can exert maximum reac-
tion force in case of spherical shape striking bow before the
initial crack occurs. The amount of reaction force is lower in
case of rest of the simplified shaped striking bows i.e. cylindri-
cal with hemispherical end, trapezoidal prism and wedge (Fig
23).

Figure 21: Numerical results of various striking bows at 3 m/s
collision velocity.
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Figure 22: Penetration depth at which crack occurs into the
outer hull at 3 m/s collision velocity.
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Figure 23: Maximum reaction force and absorbed energy be-
fore crack initiation at 3 m/s collision velocity.
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The energy absorption by the double hull structure is greater
when struck with a spherical shape bulbous bow until fracture.
When the trapezoidal prism shape, cylindrical with hemispher-
ical end shape and wedge shape bulbous bow strikes the side
shell of a ship hull structure, the hull structure can absorb less
amount of energy compared to that of when struck with a spher-
ical shape bulbous bow before the crack initiation (Fig 23).

In particular, structural discontinuities, such as stiffener ter-
minations, bracket connections, and sudden cross - sectional
changes in the hull, significantly influence the local stress con-
centration and damage initiation during impact [41], [42]. Large
plastic deformations and membrane forces form in the outer
plate beneath the wedge and trapezoidal prism strikers, espe-
cially at the striker’s end corners. The outer plate cracks ini-
tially because to the considerable plastic strain localized at these
places. Following that, the fracture spreads along the striker’s
contact to the outer plate’s center (Fig. 24a and Fig. 24b).

Figure 24: Crack initiation in the outer hull under the impact of
different striking bows.

a) Wedge shape bow b) Trapezoidal prism bow

¢) Spherical bow d) Cylindrical with hemispherical end bow

Source: Authors.

Figure 25: Structural members under the impact of spherical
striking bow at 3 m/s collision velocity.

a) Transverse Frames b) Adjacent Stringers

Source: Authors.

Global deflection and local indentation are the two compo-
nents of the outer plate deformation in the case of a spherical
striker. The striking head is shaped like the local depression.
Because of the high in-plane tensile strain, the enormous im-
pact energy initiates material rupture. A circular edge known
as a necking circle is formed when the spherical striker pene-

trates the plate with ductile expansion, elongating the material
in a plastic flow field beneath the striker.

The onset of fracture in the outer hull panels can be reason-
ably estimated using a localized necking-based fracture model
that is largely mesh-insensitive. However, the numerical imple-
mentation of the necking and fracture model has a significant
impact on the fracture propagation, particularly in situations
where web frames and stringers are crushed [30]. Because of
the limitations imposed by the stringers and web frames, the
outer plate deforms axially. An axial membrane strain and re-
lated membrane force result from this stretching. Because of
the membrane force at the necking circle, the plate thus experi-
ences plastic deformation. The crack starts at the necking circle
when the plate experiences significant plastic strain. Ultimately,
as the striker enters the plate, the crack spreads radially along
the necking circle (Fig. 24c).

Because both the cylindrical and spherical striker structures
contain a circular cross-section, they experience identical defor-
mation modes (Fig. 24d). The primary distinction is the local
distortion brought on by the striker’s shape. The ductile elon-
gation of the material forms a necking ellipse below the striker.
Initially, the cracks start at the antipodal points on the necking
ellipse’s principal axis and spread across the ellipse.

Fig 25 depicts the deformations of structural elements under
the impact of spherical bulbous bow shapes. During the defor-
mation process, the frames trip and fold (Fig. 25a). Since the
shape of the striker changes along the vertical direction, this de-
formation also happens in the cases of spherical and cylindrical
strikers. However, in the case of wedge and trapezoidal prism
strikes, the frames undergo greater beam bending deformation.

In every instance, the stringer experiences the same defor-
mation (Fig. 25b). Under local in-plane pressure, the stringer
mostly experiences folding deformation. At a certain pene-
tration, a complete fold forms, and it eventually flattens com-
pletely.

When the striking ship strikes the hull structure at a speed
of 1.5 m/s, the inner panel does not undergo plastic deformation
during the penetration and does not contribute to the energy dis-
sipation of the double-hull construction. The primary cause of
this phenomena is the fact that the height of the double-hull con-
struction and the critical penetration at the outer panel fracture
(about 1.25 m) are equal.

Fig 26 provides a detailed visualization of the maximum en-
ergy absorption by the hull structure when subjected to impacts
from various striking bulbous bows at different collision veloc-
ities. At the lowest collision velocity of 1.5 m/s, the energy
absorption is minimal. This is because the penetration depth of
the bulbous bow into the side shell structure at this speed is rel-
atively small. As the collision speed increases to 2 m/s, 2.5 m/s,
and ultimately 3 m/s, the energy absorbed by the hull structure
rises significantly. This increase is directly linked to the greater
penetration depths achieved at higher velocities. At the maxi-
mum collision velocity of 3 m/s, the energy absorption reaches
its peak. The penetration depth is the greatest at this speed, al-
lowing the bulbous bow to engage more of the hull’s material
and structural elements. This results in a significant increase in
both elastic and plastic deformation within the structure, max-
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imizing the amount of energy that the hull can absorb before
failure.

Figure 26: Energy absorbed by the side shell structure under
different striking bows at varying collision velocities.
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4. Analytical Analysis.

Without conducting real-world experiments, it is extremely
difficult to validate this kind of serious damage to the ship hull
structure from collisions and the related resistance force and
energy absorption. The energy and resistance force during a
dynamic impact into the ship hull can be predicted using a few
analytical techniques. Minorsky[43] conducted a seminal anal-
ysis of 26 cases of full-scale ship collisions and developed an
empirical formula to predict energy absorption by the structure
during collision.

E=472Ry +327 (1

where Ry is the volume of damage material.

4.1. Energy Absorption Mechanism.

The assembly of the main deformation modes of the sepa-
rate structural elements, such as web girders and stiffened pan-
els, can be used to estimate the energy-absorbing mechanisms
of double-hull structures [11]. The simplified analytical tech-
niques can be used to evaluate their absorbed energy throughout
the indentation process.

4.1.1. Energy Absorption by the Plate.

The energy absorbed by a plate during collision is governed
by principles of material elongation and the formation of plastic
hinges. A plate of thickness f, and static yield stress o, dis-
sipates incident energy through membrane plastic tension and
the rotation of plastic hinges [44] . Expressions for estimating
the energy absorption of a single plate exposed to a flat edge in-
denter were developed by Cho and Lee [44]. According to Fig.
27(a), the plastic hinges form at all deformed angles 6,, 65, 65,
and 6y, and the axial elongation takes place in the plate regions
(D) and (II). Thus, Egs. 2 and 3 indicate the energy absorbed by
the plate membrane tension (U;,) and the rotation of the plastic
hinges (Uj,).

Figure 27: Deformed shape of structural members; Refs. [44],
[45].
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4.1.2. Energy Absorption by Web Girders.

When subjected to impact loads, web girders exhibit a dif-
ferent damage pattern than plates.

Where the web girders sustain crushing and folding dam-
age, the plate absorbs energy through tensile plastic damage.
An analytical technique to determine the impact resistance of
the webs under crushing was proposed by Liu and Soares [45].

H = 0.4436b51. 6)



M.A.IL Opi & K.N. Hoque. / Journal of Maritime Research Vol XXIII. No. II (2026) 202-216 213

2 2b,, )
S DM 4 HS,  5<3H,
3 5 b,
H1- (1 - —)
3H
26-3H (3 ,. 3 )1 1
30'()le bw + EO-Oth + EO’QZWH Zﬁ
1+(—
(&)
2b,, -3H
roohby o w3 g s <sh,
= 26-3H 3 26 — (4 + 4)H
F©) 3oot,,H + Z 200t,,H —( 3 )
w l=l w
2n—1 2n— 1) 1 1
+ ( " O'()l‘i.H + (n—)o'()lWHz) T o
2 ()
1+[—
by
T O'Otfvbw 0—2n—-1H
+ = —>— +200t,H ————,
4 H 7o by,
n-1H <6< (2n+ DH.

(N
Where b,, is the half span length of web girder, ¢, is the
thickness of web, H is the folding wavelength of web and o is
the material flow stress which is given by:
oy + oy

0o = T (8)

By integrating the force penetration curve derived from the
aforementioned equations, it is possible to estimate the energy
absorption by the webs.

4.2. Total Energy Absorption.

By adding up the energy dissipated by the plate and the web
girders, the Cho and Lee [44] technique and the Liu and Soares
[45] approach can be used to determine the total energy ab-
sorbed by the hull structure. When there is less penetration and
less substantial damage, this approach can be used.

Zhang and Pederson [10] updated the semi-analytical for-
mula and presented a streamlined analytical technique to cal-
culate the energy that the structure absorbs in relation to the
volume of damaged material. Eq. 9 and can be used to deter-
mine the energy absorption by the plastic tension damage mode
(E), such as outer hull.

E1 = 0.77Ef0'0R1 (9)

where € is the strain at rupture and R; is the material vol-
ume of the damaged structural member.

To calculate the energy absorption by the crushing and fold-
ing damage mode (E), such as girder and stringer Eq. 10 is
used

11067
E, = 3.50(5) ToR, (10)

where ¢ is the crushed web thickness, b is the width of the
member in crushed cross section and R, is the damage material
volume of the crushed structural member.

and the total energy can be estimated by:

Ea = ) Er+ Es (11)

4.3. Comparison with Numerical Result.

In this study, numerical simulation results are compared
with predictions from the combined method (Cho and Lee [44],
Liu and Soares [45]) and the method developed by Zhang and
Pederson [10] (Fig. 28). Energy absorption is evaluated using
these approaches up to a penetration depth of 650 mm.

For small penetration depths, both analytical methods show
good agreement with the numerical results. As penetration in-
creases, slight deviations are observed between the numerical
and analytical results. These deviations are primarily attributed
to the moderate and coarse mesh sizes applied to structural
members in simulations, which are used to optimize compu-
tational efficiency.

Notably, the numerical results continue to align closely with
the predictions of the Zhang and Pederson [10] method even at
penetration depths exceeding S00 mm. However, the combined
method (Cho and Lee [44], Liu and Soares [45]) begins to de-
viate significantly from both the numerical results and Zhang
and Pederson’s predictions after this depth. This divergence
highlights the limitations of the combined method in accurately
capturing the extent and pattern of damage at higher penetration
levels.

Conclusions.

This study examined into how a ship’s side shell structure
reacts when it collides with a bulbous bow. Through detailed
computer simulations and analyses, valuable insights into the
behavior of the materials and the potential damage is gained
that may occur during such collisions. It is observed that cer-
tain factors, like the shape of the bow and the speed of impact,
significantly influence the outcome.

Figure 28: Comparison between numerical and analytical re-
sult.
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To analyze the structural response of a ship hull structure in
a bow to side collision, a transverse framed double hull struc-
ture and various simplified shapes of bulbous bow i.e. spheri-
cal, trapezoidal prism, cylindrical with hemispherical end and
wedge are modeled. The hull structure is struck with the differ-
ent simplified shaped bulbous bow at different speeds i.e. 1.5
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m/s, 2 m/s, 2.5 m/s and 3 m/s. The following conclusions are
drawn after the numerical result of the analysis:

The double hull structure exerts better impact resistance
towards the spherical shape bulbous bow as compared to the
trapezoidal prism, cylindrical with hemispherical end and wedge
shape bulbous bow. The energy absorption is much greater for
the ship hull structure before it experiences the initial crack
when subjected to spherical shape bulbous bow in comparison
with trapezoidal prism, cylindrical with hemispherical end and
wedge shape. The geometry of the striker strongly influences
the structural plastic deformation and failure mechanism due to
the contact area with the struck structure. Hence the better per-
forming and the most effective bulbous bow shape is spherical
shape in terms of structural damage due to collision.

Generally, this paper provides an important framework for
assessing the strength of double-hull ship side structures during
minor collisions. The findings highlight the importance of de-
signing ship structures with a focus on energy absorption and
deformation control. This can play an important role in min-
imizing damage and ensuring the safety of the vessel and its
crew in the event of a collision.

This paper provides a strong foundation for further study
on this subject. This study recommends the following topics as
possibilities for future work: To reduce the computational time
the meshes are used to the model of the structural members for
the analysis is moderate and coarse mesh. The future work us-
ing the very fine mesh will provide more accurate result. The
behaviors of the ship hull structure have been observed by vary-
ing the striker shape and the collision speed. Future work can be
extended to investigate the structural response of the ship hull
involving varying impact angles and materials. Due to the lack
of sufficient actual ship collisions data, validation of the numer-
ical result was much challenging. The study can be extended
to undertaking extensive experimental studies to validate the
findings of simulations. These studies could involve controlled
collision experiments or data collection from actual maritime
incidents.
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