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Abstract: Demands for water transportation modes are
continuously increasing as rapid economic and industrial
growths in the recent decade. Ship as representative of
the water transportation is generally needed to carry var-
ious products from one location to another. Besides as
product carrier, ship also acts as public facility to trans-
port human across islands for number of reasons, such
as tourism and vehicle. Considering its importance, struc-
tural damage due to accidental loads or so-called impact
can cause unacceptable casualties which threat ship pas-
senger, shipping industry and maritime environment in
same time. The most frequent impact phenomena occur
in forms of collision and grounding, which are targeting
side structure and double bottom consecutively. However,
since responses of the impacts on structure are highly non-
linear and vary due to development of ship structures, sus-
tainable analysis as an update of pioneer calculation can
bebeneficial as rational reference for improving safety and
navigational instruments. This work aims to assess fail-
ures of the side structures subjected to penetration of strik-
ing bow in ship-ship collision scenario. Locations of im-
pact are idealized to happen on after-end, midsection and
fore-end to provide complete assessment. Striking bow is
to be deployed by varying input velocity to observe sig-
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nificance of the fractures on the side structure. This con-
figuration is implemented on the designed collision sce-
nario, and later calculated using nonlinear finite element
method (NLFEM). Summary of the solution indicated that
the midsection produced the highest resistance against
side collision. Breaching of the inner shell was success-
fully avoided on the fore-end, but the critical damage to
the cargo was observed during bow penetration to the
after-end region. This location was recommended to be
added by longitudinal framing to increase its resistance
against ship collision.

Keywords: Ship collision, single and double hulls, nonlin-
ear finite element method (NLFEM), material sensitivity,
crashworthiness criteria, progressive structural failure

1 Introduction
Transportation role in society has been expanded into sev-
eral modes to satisfy daily activities of human. Cargo car-
rier and public vehicle are the most fundamental cate-
gories in terms of the transported object. For archipelago
countries, ship role as public facility is also vital, espe-
cially to support connection of tourism spots with main
islands. In this case, water transportation mode is cho-
sen, and ship is preferred to fulfil such objective. Dur-
ing its operation, ship sails on designated routes ac-
cording to selected destination which strait is one pos-
sible route in inter-island operations. This location can
be a critical point for manoeuvring (Figure 1) during two
ships encounter, such as crossing and head-on situa-
tions [1, 2]. Due to numerous causes, such as bad weath-
ers, storm, local-geographical disaster, traffic manage-
ment and human-navigation error, impact on the partici-
pating ships occurs so-called collision, and structural fail-
ures can take place, regardless the sizes (see influence of
the waterway systems on the probability of collision [3]).

For straits located in international shipping routes,
crossing situation is frequently happens as inter-island
and international routes meet in one point. Side collision
is the most general possibility considering this situation,
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Figure 1: Close-quarters situations for ship manoeuvring: (a) cross-
ing situation, and (b) head-on situation [1].

whichdamageon struck shipdue topenetrationof striking
bow can be fatal. Furthermore, safety of passenger and en-
vironment is threatened, andmaypossibly cause immense
chain disaster. Aim to ensure the safety can be fundamen-
tally divided into two main classes, i.e. active and passive
methods. In the active methods, the navigational equip-
ment is developed, crew requirement is set to be capable
and has proficiency in dealing with accidental situation,
and improvement on traffic management can also be con-
sidered in this method. However, scholars realize that de-
spite of such efforts, collision may always occur and cause
accidental failures [4–7]. Its characteristics as nonlinear
phenomena allow it to appear in various scenarios. There-
fore, the second method, such as development of struc-
tural crashworthiness is taken into account. Large num-
bers of ship in voyage across the globe, make sustainable
analysis in this subject is required with purpose to esti-
mate possible collision scenarios and minimise the expe-
rienced casualties in further accidents.

This work is addressed to conduct assessment on ship
structure due to collision with other participating ship,
which side collision scenario in effect of crossing situation
is considered asmain reference in designing the scenarios.
The numerical methodology for analysing nonlinear phe-
nomena is performed to calculate the scenarios, and the

solutions are summarized so that canbeusedas references
of assessment. Behaviours of structural failure will be fo-
cussedon the struck ship as impacted-steel structures, and
structural estimation is conducted based on tendency of
the selected crashworthiness criteria in collision process.

2 Structural modelling and
analysis technique using NLFEM

Ship structures consist numbers of arranged steel mem-
bers, such as plating and framing. The shell plating forms
the watertight and hull skins of the ship and at the same
time inmerchant ship construction, contributes to the lon-
gitudinal strength, and resists vertical shear forces. Inter-
nal strengthening in forms of framing systems on the shell
plating may be both installed in transverse and longitu-
dinal systems according to the designated objective and
route. Generally, they are designed to prevent collapse of
the plating against various loads, including impact loads
in maritime operations. As advance improvement of com-
putational instrument and rising demand of quantitative
assessment on shipbuilding, application of finite element
method (FEM) is considered to idealise geometry of steel
structures. The most common technique to conduct such
modelling is by assuming the ship as thin-walled object
(see Figure 2). In this case, the ship is defined in FE us-
ing shell element formulations in two dimensional geom-
etry, and thickness is inputted by adjusting real constant
value. Numbers of researches adopted this method by im-
plementing the Belytschko-Tsay element on shell struc-
tures [8–10]. This element type is describedas the fastest of
the explicit dynamics shells. Transverse shear is taken in
calculation by inputting the Mindlin-Reissner assumption
as fundamental assumption of this element. It should be
noted that constraint of the technique using thin-walled
concept structural geometry is not recommended to be
meshed in coarse discrete models [11].

Characterization of impact phenomena is vital to se-
lect suitable analysis methodology so that numerical sim-
ulation can be completed in reasonable time process, and
acceptable accuracy is acquired. Ship collision is consid-
ered as a highly nonlinear phenomenon, which it happens
accidentally in forms of large level loads but within very
short time process. Considering possibility of structural
damages, steelmaterialmay experience beyond yield limit
and surpasses the ultimate fracture, which make the ship
collision is included in the dynamic class [14].
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Figure 2: Examples of thin-walled geometries based on actual ship
structure: (a) intersections of trans. webs and long. stiffener on
the side hull [12], and (b) floor-girder intersection on the bottom
structures [13].
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where [M]is the mass matrix;
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is the applied exter-

nal and body force vector;
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is the internal force vec-

tor; {at} is the acceleration at time t; Fhg is the hourglass
resistance force, Fcontact is the contact force;BT is the body
force, σn is the internal stress; Ω is the solid volume; {vt}
is the velocity at time t; {ut} is the displacement at time t;
{x0} is the initial geometry; {xt} is the updated geometry
at time t; ∆tt is the difference in time of at time t compared
to the initial/selected condition.

Based on these descriptions, nonlinear finite element
method (NLFEM)will be selected to solve numericalmodel
of ship collision. Specifically, explicit strategy is adopted
in calculation using ANSYS LS-DYNA [15]. This strategy is
judged similar with characteristic of collision action. Com-
paring to the implicit, nonlinear problem is solved by per-
forming no inversion of the stiffened matrix which this
phase is computationally expensive and required in the
implicit strategy. Other characteristics of the explicit are
a lumpedmassmatrix is required for simple inversion, the
equations (see Equations 1 to 5) is uncoupled and can be
solved directly, and convergence checks are not required
since the equations are uncoupled. However, designer and
engineer have to be cautious related to stability limit of the
explicit. Time step size is required to be smaller than the
critical time step size.

3 Sensitivity of steel material and
structural fracture

Effect of material aspect to the results of any structural
analysis is significance in fields of ship structure since
most of merchant vessels these days are built using steel.
Previous research by Jones [16] concluded that yield stress
of mild steel is very sensitive to the strain rate, which
is not found on aluminium. The strain-rate effect is re-
ported in form of mathematical equation by Cowper and
Symonds [17] as presented Equation 6. Other experimen-
tal test on reduced scale medium tanker panel, also used
this expression to scale yield stress to obtain a simplified
estimation of the total strain rate effect [18]. Cowper and
Symonds described rate parameters for C and m are 40.4
s−1 and 5 consecutively, which often used as assumption
for themild steel. However, large damage extent anddefor-
mation contour are expected during various impact phe-
nomena, such as collision and grounding. In this case,
greater values of C (than 40.4 s−1) are often preferred [19].
Applications of this approach had been considered in pen-
etration test using rigid indenter with C = 4000 s−1 [18],
and performance assessment of double hull by applying
C = 3200 s−1 [20]. Concept of strain rate effect is also em-
bedded in FEmethods, which variables of the Cowper and
Symonds expression are often denoted in different form,
such asm is represented as P in the plastic-kinematic ma-
terial model.

σDeq
σeq

= 1 +
(︂
ε̇eq
C

)︂ 1
m

(6)
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where σeq is the quasi-static equivalent flow stress; σDeq is
the dynamic flow stress; ε̇eq is the equivalent strain rate;
and C,m are the Cowper and Symonds parameters.

When structures are subjected to load actions, it will
experience deformation. Eventually, the deformation ex-
pands on the structures and causes structural ruptures. In
this condition, structure is exposed to failure, and risk of
large scale structural collapse is exist. Predictions of struc-
tural rupture are complex objectives as different loadsmay
produce different failure modes. Jones andWierzbicki dis-
cussed several failure criteria based on metal beam be-
haviours against large dynamic loads [21]. The first crite-
rion is the tensile tearing failure which is reached when
ultimate strain equals with critical rupture/failure strain
of the material (see Equations 7). The second criterion is
described as transverse shear failure due to occurrence of
large transverse shear deformation on very short region
equals a critical value as shown in Equation 8. The third
criterion is the energy density failure which appears dur-
ing critical value Θc is same with the absorption of plastic
work per unit volume (Equation 9). Based on these crite-
ria, structural assessment is generally conducted by con-
sidering the tensile tearing failure, and considers the struc-
ture is embeddedby strain-dependentmaterial. Therefore,
it is vital objective to select appropriate failure strain to
properly define structural ruptures. Experimental test per-
formed by Amdahl and Kavlie [22] as well as Wen and
Jones [23] showed that tensile ductility of steel in range 0.2-
0.35. Based on this concluding remark, failure strain value
0.2 is to be applied in analysis configuration with assump-
tion that when material reaches the failure strain due to
impact loads, structural rupture takes place.

εmax = εc (7)

Ws = kH (8)

Θ = Θc (9)

where εmax is the maximum strain of material; εc is the
experienced/critical strain;Ws is the transverse shear dis-
placement; k is the constant in range 0 < k ≤ 1.0; H is the
beam thickness which kH is the critical value; Θ is the ab-
sorption of plastic work per unit volume; andΘc is the crit-
ical value of energy density.

4 Ship collision analysis

4.1 Participating ship and embedded
material

Structural data of a passenger ship is to be idealised as
the struck ship which to be penetrated by a reefer carrier
under collision action. The penetrating ship is later de-
noted as the striking ship. In the current study, the dimen-
sion of the struck ship is shown as follows: Length L =
85.92 m; Breadth B = 15 m; Draft T = 4.3 m; and Depth H
= 10.4 m. Relative to this ship, larger striking ship is se-
lected with the following principal data: Length L = 144.5
m; Breadth B = 19.8 m; Draft T = 5.6 m; and Depth H =
10.2m. Selected targets are designated on different regions
of the struck ship’s side hull, namely after-end, midsec-
tion and fore-end as shown in Figure 3. Numerical ap-
proach is considered in this study,which the explicit codes
ANSYS LS-DYNA [15] is used as nonlinear finite element
method (NLFEM) to model the involved ships and calcu-
late the designed collision scenarios. Specifically in terms
of the ship model, structures are idealised using the thin-
walled concept so that structural members are designed
as shell geometry in the FE. Shell element formulation
(EF) Belytschko-Tsay is applied on all ship models. Appli-
cation of the meshing size on the deformable ship is fol-
lowing the element-length-to-thickness ratio in range 5-
10 as widely used in numerical calculation for automobile
industry. This method is considered more adequate and
reasonable than selection of arbitral very small mesh size
which can be intensively time consuming during meshing
process and simulation running using average computa-
tional instrument.

Collision in this study is defined as interaction of de-
formable side hull of the struck ship, and rigid upper bow
of the striking ship. Therefore, two material models are
necessary to be defined on these ships. The deformable
structures is to be applied by inelastic-kinematic harden-
ing with strain-dependent characteristic [24]. Mathemati-
cal expression for this material model is given in Equation

Figure 3: The denoted regions on the full-scale model of the struck
ship. Size of double hull on each region is highlighted on lower part
of the side hull.
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10. A typical carbon steel for naval-used industry is col-
laboratedwith the selectedmaterial, with details are given
as follows: Density ρ = 7850 kg·m−3; Elastic modulus E =
210000 MPa; Poisson’s ratio v = 0.3; Yield stress σY = 440
MPa; Cowper-Symonds parameters C = 3200 s−1 and P (m
in Equation 6) = 5; and Hardening exponent/parameter β
= 0.

σY =
[︃
1 +

(︂
ε̇
C

)︂ 1
P
]︃(︁
σ0 + βEPεPe�

)︁
(10)

where σY is the yield stress; ε̇ is the strain rate; C and P
is the Cowper-Symonds strain rate parameters; σ0 is the
initial yield stress; β is the hardening parameter; Ep is the
plastic hardening modulus; and ϵe�p is the effective plastic
strain.

4.2 Configuration of side-bow interactions

Collision scenario is built based on two parameters in-
cluded in the external dynamics of ship collision, namely
location and velocity. As mentioned earlier in ship model,
the location of target point is selected on three regions of
the struck ship, namely after-end, midsection and fore-
end. The striking ship will be given by another parameter,
i.e. velocity to move to the selected targets on the struck
ship. The velocity is varied in ranges of 5-15 kts or approx-
imately 2.5-7.7 m·s−1 using international unit, and to be
applied in uniform type. Position during ship collision is
designed to stay under side contact condition which in-
volves side hull of the struck ship and upper bow of the
striking ship. The boundary conditions are applied on the
edge of model in longitudinal and transversal parts, such
as main deck, middle deck, car deck and tank top. Verti-
calmembers, namely the side frame is also restrained from
anydisplacement. The constraints are implemented to ide-
alise the worst possible damage rather than realistic situ-
ation. In the current work, it is assumed that striking ship
is approaching the target in 90∘ (perpendicular collision),
and the struck ship is standstill against the bow penetra-
tion. Therefore, all axial and rotational displacements are
fixed on the both models. As illustrated in Figure 4, only
transversal displacement of the striking ship is excluded in
boundary definitions. Typical friction coefficient for steel-
to-steel contact with the kinematic and static values are
applied as µk = 0.57 and µs = 0.74 consecutively. Automatic
surface-to-surface contact formulation is chosen in prepa-
ration, with time simulation is set to be very short, which
tsimulation = 0.405 s is embedded on the nonlinear FE anal-
ysis.

Figure 4: Configurations of the collision scenario for the FE analysis.
It is highlighted that a perpendicular-side collision is set during
interaction of the struck ship’s hull and the striking ship’s bow.

5 Results and discussion

5.1 Progressive failure on the crushing force

Assessment on the impacted structures is conducted by
evaluating crashworthiness criteria and failure tendencies
for each designed scenario. The first assessment is ad-
dressed to the energy level in the end of collision, which is
assumed as accumulative experienced absorbed strain en-
ergy during the struck shipwas resisting penetration of the
striking ship. As summarized in Table 1, the energy grad-
ually increases which is equal to increment of the applied
velocity. Percentage of the increment was observed signif-
icant during the lowest velocity 5 kts was changed to 10
kts with specific range 77-82%. This range is considered
higher than the energy increment from applied velocity 10
to 15 kts, which increased by 52.7%, 58.59% and 49.33%
for the after-end, midsection and fore-end regions consec-
utively. This phenomenon is expected since in the veloc-
ity 5 kts, only minor damage and insignificant indentation
took place on the side hull while these tendencies were re-
markably changed when the velocity 10 kts caused mas-
sive indentation on the outer shell and side frame. Corre-
lation with longitudinal strength of ship hull is also reach-
ing satisfactory by observing the midsection was superior
to all observed regions. As described in fundamental of
structure behaviours, a ship tends to experiencemaximum
bending loads during its operation due to sagging and
hogging phenomena. This reasonmakes themidsection of
ship is designed to be stronger than after-end and fore-end
regions to withstand these loads. It is interesting research
opportunity to conduct further collision-response assess-
ment using fundamental approach by considering nature
of a ship design itself.
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Table 1: Summary of energy and stress criteria after collision occurred on the side hull.

Location Velocity Energy Stress
Internal Hourglass X Y Z

(J) (J) 10^8 (Pa) 10^8 (Pa) 10^8 (Pa)
After-end 5 1231450 16599 5.041-6.302 4.218-5.371 6.026-7.336

10 5584170 161731 6.393-7.764 5.142-6.439 6.056-7.407
15 11805200 526451 5.125-6.362 5.531-6.837 5.787-7.207

Midsection 5 1157930 25301 5.426-6.674 4.182-5.253 5.353-6.573
10 6506660 219709 5.347-6.589 6.137-7.506 6.067-7.456
15 15714500 500633 5.545-6.871 6.031-7.496 6.100-7.602

Fore-end 5 1054380 9369 5.446-6.778 4.666-5.849 5.966-7.302
10 5412600 146138 5.902-7.268 4.666-5.926 5.702-7.017
15 10683000 507463 6.721-8.135 6.261-7.761 6.222-7.650

Besides physical energy, numerical aspect of the col-
lision simulation is presented in this discussion, in forms
of the hourglass energy. Magnitude of this response rep-
resents error level of the structural model in experiencing
massive deformation. According to the guidelines [15], this
criterion is also possible to be used as reliability control
of the FE solution in structural analysis. Same with the
internal energy, the hourglass rose as higher striking ve-
locity was applied, and the tendency was perpendicular
to expected final damage state (higher energy is predicted
during occurrence of more significant damage). Compar-
ing to the internal energy, the hourglass value indicated
very low state in the end of the collision. The significance
percentage of the hourglass energy against the internal en-
ergy is only varying in range 0.88-4.75%. This result in-
dicated that the performed FE analysis reached satisfac-
tory considering the error value is very low and below 5%.
After energy, the stress criterion is assessed according to
three-dimensional directions in the Cartesian coordinate
system. Tendency of this criterion concluded that linearity
of the structural stress during side collision with energy
criteria is shown by transversal or Y direction. Occurrence
of this result may be highly influenced by the crushing
process of the side hull due to penetration of the striking
bow took place from side direction. However, stress state
is highly affected by condition of member’s failure in the
penetration, which lower stress value of a higher striking
velocity (for example see Z stress of the after-end in 5-15
kts) may occur due to impacted members reached the ul-
timate strength, or the members simply had not reached
the failure state and stress continued to increase. Uncer-
tainty in this aspect leads the assessment to the crushing
force criterion which progressive failure for each scenario
is quantified.

Tendency of the crushing force criterion is presented
based on target location of the struck ship, i.e. after-end in
Figures 5 to 7, midsection in Figure 8 to 10, and fore-end
in Figure 11-13. The force level is found satisfy the relation
with the striking velocitywhich higher forcewas produced
during faster movement of the striking ship in simulation.
Significance of structural crashworthiness on the transver-
sal direction is also confirmed by the force fluctuation of
the Y direction is dominating in every designed collision
scenario. Based on this criterion, the critical point dur-
ing certain failure or event takes place can be predicted.
Summary of the progressive failure in 5 kts is only minor
damage occurred on the side hull until the end of colli-
sion. Compared to other velocity, time to reached the tar-
get of the 5 kts in all regions is considered the longest
which was approximately half of overall time simulation.
In this applied velocity, the initial indention appeared on
the outer shell. For the after-end, damaging on the single
structural member were observed which deflection of the
side stringer began to take place. On the midsection and
fore-end which are covered with full-double hull design,
damage on the outer hull was already appeared by inden-
tation on shell and frame. Condition of the inner shell on
these region was evaluated same with the after-end which
any damage was not yet found.

On the higher velocity 10 kts, the striking was faster
in approaching the target with time approximation 0.1 s.
Failure was begun by initial indentation on the outer shell
and followed by tearing on the frame. It was also noted
that, in this velocity, the observed shell indentation in 5
kts was expanding. It made a web frame got completely
torn and the middle deck was damaged on the edge part
by the striking ship. Structural failure in this velocity pre-
sented a remarkable event on the double hull part of the
midsection and fore-end, which the inner shell was dis-
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Figure 5: Patterns of crushing force, and sequences of progressive
failure: after-end impacted by velocity 5 kts.

Figure 6: Patterns of crushing force, and sequences of progressive
failure: after-end impacted by velocity 10 kts.

Figure 7: Patterns of crushing force, and sequences of progressive
failure: after-end impacted by velocity 15 kts.

Figure 8: Force criterion and behaviour of the failure on the side
hull: midsection impacted by velocity 5 kts.

Figure 9: Force criterion and behaviour of the failure on the side
hull: midsection impacted by velocity 10 kts.

Figure 10: Force criterion and behaviour of the failure on the side
hull: midsection impacted by velocity 15 kts.
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Figure 11: Structural responses of the struck ship – fore-end against
collision with velocity 5 kts.

Figure 12: Structural responses of the struck ship – fore-end against
collision with velocity 10 kts.

Figure 13: Structural responses of the struck ship – fore-end against
collision with velocity 15 kts.

placed from its initial position after the middle deck-side
shell connection was severed. As for the after-end, dam-
age had not reached the double hull part, and side stringer
which was on the single hull part was almost failed due to
the penetration. In the highest velocity 15 kts, the double
hull part of the after-endwas finally influenced by side im-
pact that caused remarkable damage on the middle deck.
The inner shell was also breached after 0.38 s since initial
movement of the striking ship. Crushing on the single hull
part was considered major on the side hull-stringer. Wide
tearing appeared on the outer shell and side stringer got
torn. Conditions of the double hull on the midsection and
fore-end region were found similar with the after-end but
penetration on the inner shell was non-existent. However,
axial displacements on the inner shellwas significant, and
it can damage cargo on the car deck.

5.2 Damage extent on the side structures

To provide complete investigation, damage extent on the
struck ship is necessary to be assessed to understand the
experienced failure by hull members. The damage is pre-
sented per collision region for all velocities so that severity
of the side hull’s damage can be evidenced. As shown in
Figure 14, damage on the lowest velocity was minor with
small indentation on the outer shell and range of the crit-
ical stress (von-Mises stress) expansion limited on the up-
per side hull of the after-end. Clear indentation in forms
of tearing on the side shell and frame was spotted in the
selected velocity 10 kts. Stress started to expand to lower
hull part, and reached inner shell of the double hull struc-
ture. Remarkable damage as causedby thehighest velocity
produced complete tearing on the side stringer, and high
critical stress was observed on the inner shell near the sin-
gle hull part. Similar damage pattern was shared on the
midsection (Figure 15) which focussed on the side hull, in-
cluding the outer and inner shells. In comparison with the
after-end, the inner shell of the midsection had been in-
fluenced by the critical stress since the lowest velocity was
selected. This phenomenon occurred due to side hull was
full covered by inner shell.

This expansion pattern was also affecting the stress
contours in 10 kts which the inner parts were covered
with the stress, especially middle deck. It was also indi-
cated from the outer view that crushing damage almost
reached the middle deck in the end of collision. The high-
est velocity 15 kts produced remarkable damage on the
side hull which the outer shell lower than the middle deck
was seriously deformed. Stress intensity indicated the car
deck was also affected due to collision with high veloc-
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Figure 14: Damage extent and stress contours on the after-end impacted by the selected striking velocity.

ity. However, breaching of the inner shell was unlikely
found in this structural region. In terms of the indenta-
tion and stress in early collision (velocity 5 kts), the fore-
end was similar with the midsection. Difference began to
occur since 10 kts which the main deck was severely de-
formed due to advance penetration of the striking ship in
following tearing damages on side shell and frame. On the
other hand, stress expansion on the inner shell was more
clearly observed with the center of this contour was spot-
ted on themiddle deck. In the highest applied velocity, the
outer shell was breached, and tearing damage formed a
hole while intensity of the critical stress expanded in line
with geometrical characteristic of the middle deck. There-
fore, it could be concluded according characteristic of dou-
ble hull structure on all regions that the displacement of
the inner hull was maximum on the transversal direction
near the middle deck.

6 Conclusions
Thisworkwas addressed to investigate structural response
of the marine-steel structures against impact loads in var-
ious conditions. Numerical analysis was successfully per-
formed using the finite element codes for nonlinear phe-
nomena, namely ship collision. Criteria of crashworthy
ship structures were assessed as representative of the re-
sponses in process of side collisions. Observation was ini-
tially directed to energy criterion which accumulative in-
ternal energy indicated higher magnitudes as increment
of striking velocity increments. Effect of the impact loca-
tion in ship collision was considered unlikely during low-
velocity impact (applied velocity 5 kts) with significance in
range of 6-34-8.94%. However, the similarity was lost start-
ing from10kts since themidsection appeared as the region
which produced the highest internal energy. Superiority of
this region indicated structural arrangement was success-
fully providing better resistance against side collision than
the after-end and fore-end. Reliability of the numerical so-
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Figure 15: Damage extent and stress contours on the midsection impacted by the selected striking velocity.

lutionwas assessed to present adequate clarification. Very
small hourglass energy with percentage against the inter-
nal energy under 5% was formed for all designed scenar-
ios. This tendency indicated that satisfactory in terms of
the numerical configuration and methodology in impact
analysis was successfully achieved. Details of the current
work can be used as rational reference for further work in
accidental load analysis of marine structures.

After the energy, the stress criterion concluded that
the most crushing process took place in line of the ap-
proaching direction of the striking ship (in this work was
the transversal direction). Attention was focussed to be-
haviour of progressive structural failure to observe detail
of affected members on the struck ship. Failure events
per applied velocity were successfully quantified, with no-

table remark was given since 10 kts as the inner shell
began to be displaced. The highest velocity selected in
this work was evidenced high enough to provide remark-
able damage, especially on the after-end. Collaboration of
the single and double hulls on this region should be ad-
dressed by serious consideration for side impact scenario
above the maximum waterline. To strengthen the single
hull part, longitudinal stiffener andhigh-strengthmaterial
can be applied as alternative of the inner hull’s construc-
tion. Further works in fields of marine structural assess-
ment considering failure sequences of the struck ship in
several penetration angle can be good opportunity to val-
idate safety of the single hull passenger ship in ship-ship
collision.
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Figure 16: Damage extent and stress contours on the fore-end impacted by the selected striking velocity.
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