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Abstract 

Ship collisions pose a significant concern in maritime safety, particularly for double-

hull vessels operating in confined or high-risk areas. Understanding the structural 

response to collision is essential for improving crashworthiness. This study 

investigates the safety limits of a double-hull midsection ship under oblique impacts. 

Finite Element Analysis (FEA) was used to simulate three collision angles (45°, 60°, 

90°) and four velocities (1, 3, 5, and 7 m/s). A benchmark study confirmed simulation 

accuracy with an error of less than 2%. The study reveals that impact angle and velocity 

significantly affect the ship's structural response. Perpendicular impacts (90°) with 

varying velocities produce the highest internal energy, reaching up to 28.99 MJ. In 

oblique impacts at 45°, the highest crushing force was generated, which reached 51.05 

MN. Safety factor analysis indicates that impacts exceeding 3 m/s, especially those 

approaching perpendicular, lead to a decrease in structural integrity, falling below the 

acceptable limit. At 7 m/s and 90°, the stress on the inner hull exceeds the material's 

ultimate strength, indicating a potential for failure. To ensure structural safety, 

operational speeds should be limited to below 3 m/s. Findings highlight the importance 

of managing collision risks and guiding future ship design optimization. 

 

1 Introduction  

Maritime transport is crucial for global industrial growth, leading to more ships at sea and a higher 

risk of collisions. Although ship collisions are infrequent, their consequences can be severe, including 

structural damage, engine failures, human casualties, environmental pollution, hazardous materials, and 

economic losses from disruptions and repairs [1]. Improving the crashworthiness of ships is a key strategy 

to reduce the frequency and impact of these accidents [2]. A series of maritime collisions in recent months 

has underscored the critical importance of safety within the shipping industry. In April 2025, container ship 

KMTC Surabaya and bulk carrier Glengyle Hong Kong collided near Long Tau River, Vietnam, leading to 

an oil spill [3]. Concurrently, a tanker and a cargo ship collided off the coast of the United Arab Emirates, 

attributed to navigational misjudgment [4]. In May 2025, the Cuauhtémoc collided with the Brooklyn 

Bridge due to a systems failure [5].   
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Enhancing ship safety can be approached through two key strategies, namely active and passive safety 

[7]. Active safety focuses on technological advancements, including automatic navigation systems, anti-

collision radar, vessel traffic services, and comprehensive crew training. On the other hand, passive safety 

emphasizes the need to strengthen and assess the crashworthiness of ship structures, enabling them to 

absorb collision energy and prevent significant failures effectively. International Maritime Organization 

(IMO), through International Convention for the Safety of Life at Sea (SOLAS) Chapter II-1 requires the 

application of a double hull design on tankers and a probabilistic evaluation approach to collision incidents 

[8]. The Oil Pollution Act (OPA) 1990 requires all oil tankers operating in domestic waters to use a double 

hull structure to prevent spills [9]. Meanwhile, Det Norske Veritas-Germanischer Lloyd (DNV-GL) 

establishes technical guidelines for evaluating structural resistance to collisions through the Design against 

Accidental Loads procedure [10]. The Indonesian Classification Bureau (BKI) regulates similar provisions 

in its Rules for the Classification and Construction – Part 1: Seagoing Ships, Volume XVI, which lists the 

minimum dimensions for double bottoms and double sides on oil tankers according to the Common 

Structural Rules (CSR) standard [11]. Over the past decade, numerous studies have addressed the 

crashworthiness of ship structures, using both experimental and numerical approaches [12-15]. These 

include the Finite Element Method (FEM). [16] states that collisions involve essential factors, namely 

external dynamics and internal mechanics. The external dynamics refer to the overall movement of the ship 

during a collision, while the internal mechanics focus on the volume of damaged material. 

In a previous study [17], a ship collision analysis was conducted at 25 points from the fore-end to the 

aft end. Simulations were performed at perpendicular collision angles, with speed variations ranging from 

5 to 20 knots. As a result, the recommended speed in the strait area is only 5-10 knots in crossing situations. 

Additionally, the speed limit should be reduced to 5 knots when visibility and maneuverability are 

restricted. In this study, an expansion of the scenario was carried out at the midsection with various collision 

angles. The analysis is conducted to determine the behavior of damaged structures, such as buckling, 

folding, and tearing [18]. Therefore, this research aims to assess the structural suitability of a double-sided 

hull ship in various impact angles and speeds when subjected to a bulbous bow, particularly in confined 

water areas such as ports and straits, as well as during hazardous weather conditions. Additional 

calculations will be conducted by comparing simulation results with safety factors. Furthermore, structural 

behavior analysis will be performed to establish the operational safety limits of the ship in the event of 

potential collisions.  

2 Numerical Methods  

FEA is a numerical method used to evaluate a design’s structural response to loads. FEM divides 

continuous objects into finite parts called elements [19], connected by nodes, allowing for the resolution of 

design problems through mathematical equations [20]. However, traditional solutions can be challenging 

for irregularly shaped objects. Thus, this study utilizes Rhinoceros 8 for geometric modeling, which is then 

exported to ANSYS 2020 for analysis and simulation. The process comprises three stages: pre-processing, 

where the model geometry, material properties, boundary conditions, and mesh are defined; solving, which 

calculates the system's response; and post-processing, where simulation results are interpreted for further 

analysis. 

2.1 Theoretical background  

Two critical parameters for evaluating structural resistance in crashworthiness assessments related to 

ship collisions are absorbed energy and crushing force. In ship collisions, absorbed energy denotes the 

energy dissipated through the plastic deformation or damage sustained by the ship's structure during impact 

[21]. This parameter reflects the energy necessary to induce permanent deformation or rupture in various 

hull components. Conversely, crushing force refers to the magnitude of force experienced by the ship's 

structure at the contact point when it is penetrated by the colliding vessel. This force is not constant; instead, 

it fluctuates as the material yields and ultimately reaches the point of failure. Previous research proposed 

an empirical approach (see Equation 1) [16].  
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𝐸 =  47.2𝑅 +  32.7 (1) 

This formula connects the absorbed energy 𝐸 (measured in megajoules, MJ) to the volume of crushed 

material 𝑅 (measured in cubic meters, m³) and is commonly used in the analysis of ship accidents. After 

that, [23-24] formulated two empirical analyses between absorbed energy and the volume of material 

damage from two absorbed energy mechanisms (plastic tension deformation and crushing damage), with 

two empirical formulas (see Equations 2 and 3). 

𝐸1 = 0.77 × 𝜀𝑓 × 𝜎0 × 𝑅1 (2) 

𝐸2 = 3.5 ×
𝑡

𝑏
× 0.67 × 𝜎0 × 𝑅2 (3) 

The first energy absorption mechanism, plastic tension deformation (represented by 𝐸1), occurs 

during the indentation of the shell plating in side collisions, where the material undergoes tensile stretching 

until it ruptures. The second mechanism, folding and crushing damage (represented by 𝐸2), involves large 

plastic deformations, such as the crushing of the bow or the crushing and folding of the deck structure, 

which dissipate energy through progressive plate buckling. Accordingly, 𝜀𝑓   is the failure strain, 𝜎0 is the 

flow stress, 𝑅1 is the volume of tension-damaged structural members, 𝑡 is the plate thickness, 𝑏 is the width 

of the damaged plate, and 𝑅2 is the volume of crushed structural members. 

2.2 Benchmark study 

A benchmark study is used to ensure the reliability and accuracy of the simulation by comparing 

results with previous data through force-displacement analysis [17-25]. It involves a quasi-static penetration 

test using a conical indenter to penetrate the hull structure. Quasi-static analysis effectively captures the 

essential structural response under low-velocity impact (see results in Figure 1).  

 
Figure 1. Comparison of the force-displacement curve in this study with previous research 
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This validation is founded on previous studies conducted at a 1:3 scale typical for medium-sized 

tankers [12]. The plate measures 720 mm x 1200 mm x 5 mm and is constructed from mild steel (S235JR, 

EN 10025). Meanwhile, the conical indenter features a nose radius of 200 mm with a 90° spreading angle. 

The material used is structural steel. The simulation was performed using the ANSYS Workbench 2020 R2 

interface, with the LS-DYNA solver employed for the nonlinear finite element analysis. The indenter's 

penetration is simulated with a controlled velocity of 1.67 m/s, accelerated to 1000 times the experimental 

speed while maintaining a quasi-static condition, as significant inertia effects are negligible below 10 m/s 

[25]. The indenter is considered rigid and restricted to movement along the impact direction, while the plate 

is firmly fixed at all four edges. All components are modeled as shell elements using the Belytschko-Lin-

Tsay formulation with five integration points. Previous studies suggest an Element Length-to-Thickness 

(ELT) ratio of 5-10 [26]. For this validation, ELT ratios ranging from 2 to 10 were applied to determine an 

appropriate mesh size. 

 

(a) 

 

(c) 

 

(b) 

Figure 2. Comparison of simulation results: (a) Laboratory experiment by [12], (b) Pioneer finite element 

simulation by [27], and (c) Simulation results in this study with the mesh size of 20 mm 

The comparison of the force-displacement curves is illustrated in Figure 1. Previous research [27] 

(see Figure 2b) recorded a maximum crushing force of 1560 kN at a displacement of 215 mm. In contrast, 

the experimental results [12] (refer to Figure 2a) showed a maximum crushing force of 1500 kN at a 

displacement of 200 mm. The current study (Figure 2c) demonstrates that simulations using mesh sizes of 

10, 20, and 30 mm provide a more accurate replication of experimental results, including maximum forces 

of 1506 kN, 1501 kN, and 1516 kN, respectively, and fracture displacement at 195 mm, 195 mm, and 197.5 

mm, respectively. Meanwhile, simulations using a coarser mesh size (40 and 50 mm) yield maximum forces 

of 1530 kN and 1433 kN at displacements of 202.5 mm and 192.5 mm, respectively.  
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Overall, the error in the finer mesh size of 10-30 mm is less than 2% compared to the experimental 

and previous simulation. Meanwhile, there is around 4% error in the coarser mesh. The selection of mesh 

size based on the Element Length-to-Thickness ratio (4-6) closely resembles the comparative data, while 

maintaining time and cost efficiency. In conclusion, both the data from previous studies and current 

simulations show strong agreement and correlation. 

2.3 Material assignment 

The material selected for the struck and the striking model in this study is mild steel (S235JR 

EN10025) and structural steel according to [27] with mechanical properties derived from previous research 

[12]. The struck model material is assumed to exhibit isotropic plastic behavior, and the true stress-strain 

relationship of the material in the plastic region is modeled using a Power-Law expression [13], defined as: 

𝜎 = 𝐾 ⋅ 𝜀𝑛 (4) 

where 𝜎 is the true stress, 𝜀 is the true plastic strain, 𝐾 is the strength coefficient, and 𝑛 is the strain 

hardening exponent. Meanwhile, the striking model used structural steel, as shown in Table 1. 

Table 1. Mechanical properties of the materials 

Material ρ (kg/m3) E (GPa) ν σy (MPa) σUTS (MPa) K (MPa) n εf 

S235JR EN10025 7800 210 0.3 285 416 740 0.24 0.35 

structural steel 7850 200 0.3 250 460 - - - 

2.4 Modeled design 

The structural design of ships transporting dangerous goods or passengers must comply with the Oil 

Pollution Act (OPA) of 1990 and relevant International Maritime Organization (IMO) regulations. This is 

in accordance with Biro Klasifikasi Indonesia's Rules for the Classification and Construction, specifically 

Part 1: Seagoing Ships, Volume XVI-IACS Common Structural Rules for Double Hull Oil Tankers (2014 

Edition), particularly Section 5, No. 3. Compliance includes adhering to minimum structural dimensions, 

such as: 

The minimum double bottom depth, 𝑑𝑑𝑏, is to be taken as the lesser of, as stated in Equation 5, but 

not less than 1.0 m. 

𝑑𝑑𝑏 =
𝐵

15
 m (5) 

Where, 𝐵 is moulded breadth, in m, defined as the maximum breadth of the ship, measured amidships 

to the moulded line of the frame (Section 4/1.1.3.1). 

The minimum double-sided width, 𝑤𝑑𝑠, is to be taken as the lesser of, as stated in Equation 7, but not 

less than 1.0 m. 

𝑤𝑑𝑠 = 0.5 +
𝐷𝑊𝑇

20000
 m (6) 

Where, 𝐷𝑊𝑇 is the deadweight of the ship, in tonnes, floating in water with a specific gravity of 

1.025, at the summer load line draught (Section 4/1.1.14.1). 

The scenario features an oil tanker ship as the struck ship (Figure 3a), with the following dimensions: 

Length L = 140 m, Breadth B = 22 m, Depth H = 9 m, and DWT = 10,000 t. The striking ship (Figure 3b) 

is a bulbous bow from a 134 m container ship. The struck ship only takes half of the total height of the side 

hull (lower section) to determine its behavior in collision with the bulbous bow. In this study, the struck 

ship is modeled as a thin-walled, deformable structure with a uniform thickness of 15 mm, allowing for 

effective capture of its structural responses. The material used for this ship is S235JR EN10025. In contrast, 

the striking ship is treated as a rigid structure made from structural steel. 
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(a) 

 

(b) 

Figure 3. Modeled design for collision analysis in this study: (a) The struck ship (lower section of double hull)  

and (b) The striking ship (bulbous bow) 

2.5 Configuration for finite element simulation 

The modeled design utilized a 75 mm mesh size, employing four-node shell elements that 

incorporate five integration points throughout their thickness. This is also known as the Belytschko-Lin-

Tsay shell element formulation, as referenced in [28]. When the plastic strain reaches the specified value 

of effective plastic strain indicative of failure, the element is removed from the analysis. A friction 

coefficient of 0.3 is applied, as mentioned in [29-31]. 

 

(a) 

 

(b) 

 

(c) 

Figure 4. The collision scenario in this study involves three angles: (a) 45°, (b) 60°, and (c) 90° 

As seen in Figure 4, three collision angles were proposed in this study: 45°, 60°, and 90°. Each is 

paired with velocity variations of 1 m/s, 3 m/s, 5 m/s, and 7 m/s, which is considered reasonable for ship 

operations leading up to a potential collision [32]. This parameter is used to analyze the behavior of the 

double-hull side structure during impact. Fixed supports are installed on all side edges of the struck ship, 

and the striking ship is only permitted to move translationally in the collision direction (Uy direction, see 

Figure 4). Additionally, all rotational movements are inhibited, and a termination time of 0.203 seconds is 

set. These configurations are selected to represent a worst-case scenario, allowing for the evaluation of the 

side structure’s ultimate strength under impact loading, with particular attention to the post-collision 

condition of the inner shell [33]. The mass scaling is added in this study at a rate of less than 3.5%. The 

mass scaling technique enables the addition of nonphysical mass to a structural analysis, facilitating larger 

explicit time steps and significantly reducing computational costs. This approach is prevalent in many Finite 

Element Analysis (FEA) software packages. Within the LS-DYNA solver, mass scaling is applied by 

adjusting the specified time-step size. As a result [34], similar outputs were achieved for the force-

displacement and absorbed energy graphs, along with a reduction in computational time of up to 40% for 

quasi-static simulations. 
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3 Results and Discussion 

When analyzing the effects of side impacts on the structure of double hull ships, evaluating 

crashworthiness and failure tendencies depends on the energy absorbed by the structure during the impact. 

This energy, represented by the internal energy value at the end of the simulation, indicates the accumulated 

strain energy due to plastic deformation during the contact between the striker and the structure. The higher 

the energy absorbed, the better the structure can endure the impact without experiencing catastrophic 

failure. This study analyzes not only physical energies, such as internal energy and crushing force, but also 

the numerical aspects of impact simulation by evaluating hourglass energy values. Zero-energy modes, also 

known as hourglass energy, occur in FE models that use under-integrated element formulations. Such 

modes produce artificial zero-strain and zero-stress conditions, which ultimately give rise to inaccurate 

force–time responses and pronounced element distortion [35]. 

Hourglass energy is generated from the finite element of non-physical numerical energy and can serve 

as an indicator of the simulation's stability and accuracy. According to ANSYS Guidelines [20], hourglass 

energy acts as a control parameter for assessing the quality of the numerical solution. From the simulation 

results (Table 2), it is indicated that while hourglass energy increases with higher impact velocities, its loss 

remains significantly below the internal energy [26]. At the end of the impact process, the contribution of 

hourglass energy to the total internal energy is less than 1.1%. This figure suggests that the numerical error 

in the simulation is within acceptable limits [36]. Hence, the simulation model is reliable and accurate in 

describing the ship's structural response during the impact event. 

Table 2. Simulation results based on the collision angle and speed 

Section 
Angle 

(°) 

Speed 

(m/s) 

Internal Energy 

(MJ) 

Hourglass Energy 

(MJ) 

Crushing Force 

(MN) 

midsection 

45 1 0.96 0.006 12.44 

3 7.34 0.069 25.73 

5 16.67 0.168 39.39 

7 27.67 0.280 51.05 

60 1 1.41 0.008 15.57 

3 7.34 0.069 25.73 

5 17.36 0.191 29.27 

7 25.50 0.290 32.79 

90 1 1.69 0.011 15.80 

3 10.33 0.088 29.74 

5 20.27 0.178 34.35 

7 28.99 0.290 34.29 

3.1 Influence of impact angle and velocity 

Figure 4 illustrates the relationship between angle and velocity in the structural response of the 

modeled collision. The data presented corresponds to three impact angle variations: 45°, 60°, and 90°. In 

Fig. 5a, an impact angle of 90 ° produces the highest energy at all speed levels, indicating that perpendicular 

(normal) impacts cause the most significant deformation and maximum energy absorption. This is because 

the force direction is completely perpendicular to the plane of the structure, resulting in high energy transfer. 

Conversely, a 60° angle produces the lowest internal energy, as some of the impact energy is not directed 

directly to the surface but is instead dissipated as shear or sliding energy. A 45° angle is in the middle. Still, 

it shows a significant increase in internal energy, which is the additional resistance of the double hull 

structures, such as frames and stiffeners, to impact and damage as they deform at higher speeds and reach 

the inner hull. A similar trend is observed in the crushing force graph (Figure 5). The 45° angle produces 

the highest crushing force, especially at a speed of 7 m/s. This indicates that in oblique collisions, the impact 

force is more distributed throughout the structural components and causes local deformation [37]. A 60° 

collision angle results in lower forces at all speeds, suggesting less efficient interaction between the bulbous 

bow and hull, particularly at higher speeds. 
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(a) 

 

(b) 

Figure 5. Structural characteristics of the double hull response to the modeled collision: (a) Internal energy and (b) 

Crushing force 

This leads to reduced resistance to impact and potential for severe damage. At a 90° angle and a speed 

of 7 m/s, the crushing force significantly decreases compared to a 45° angle, indicating weaker inner hull 

resistance. In contrast, collision angles between 0° and 45° enable the ship's structure to withstand impacts 

more effectively, as double-hull components, such as stiffeners and frames, absorb damage. As a result, the 

structure experiences both shear and sliding, which helps prevent the fatal failure of the inner hull [38]. 

Conversely, if the collision angle approaches 90°, the structure's resistance to impact loads tends to 

decrease, indicating structural failure that results in more intensive damage to the inner hull. In addition, in 

the case of an oblique collision, the displacement required is more protracted to reach the inner hull than in 

the perpendicular case. Therefore, it is necessary to pay attention to how the structural response works, 

considering the basic behavior of the ship structure. This is because the midsection tends to experience 

bending loads during its operation due to phenomena such as hogging and sagging [39]. 

Based on Figures 6 and 7, the impact velocity significantly influences the response of the ship's 

structure, both in terms of the internal energy absorbed and the resulting crushing force. At the lowest speed 

rate of 1 m/s, the internal energy absorbed by the structure is minimal, ranging from 1 to 2 MJ (see Table 

2) for all impact angles. The crushing force is also relatively low, at around 12-16 MN, indicating that the 

structure has not undergone significant deformation at this speed (see Figures 8a, 9a, and 10a). However, 

when the velocity reaches 3 m/s, both the internal energy and the impact force increase sharply, especially 

for the 90° angle, which yields values of around 10 MJ for internal energy and over 30 MN for the crushing 

force. The structure started to experience significant deformation (Figure 10b). At a speed of 5 m/s, the 

spike in energy and force becomes more pronounced. The internal energy absorbed reaches approximately 

16-20 MJ, depending on the impact angle, and the crushing force increases to 39.39 MN, particularly at a 

45° angle. This indicates that the structure has suffered more serious damage and is beginning to lose its 

elastic impact-resistance capacity, particularly in the outer hull (see Figures 8c, 9c, and 10c). However, as 

seen in Figure 7, at speeds of 1-5 m/s, the crushing force fluctuation remains stable, indicating that the 

striker continues to penetrate the outer hull. When the speed approached 7 m/s, both the internal energy and 

impact force reached maximum values. At a 90° angle, the highest internal energy of 28.99 MJ is observed, 

while a 45° angle produces the highest crushing force, reaching 51.05 MN. This indicates that at high 

speeds, the outer hull structure undergoes plastic deformation, and its energy absorption capacity increases 

dramatically, depending on the impact angle. As seen in Figure 7, significant fluctuations in the crushing 

force and the end of the impact time indicate that the striker has reached the inner hull side (see Figures 8, 

9, and 10). Therefore, the higher the impact speed, the greater the potential damage to the ship's structure, 

both in terms of absorbed energy and the resulting reaction forces. 
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Figure 6. Increase in internal energy in the modeled scenario, considering the striking speed: 

(a) 45°, (b) 60°, and (c) 90° 

Figure 7. Fluctuations in crushing force in the modeled scenario considering the striking speed: 

(a) 45°, (b) 60°, and (c) 90° 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 8. Deformation contour of the collision angle 45° at speed: (a) 1 m/s, (b) 3 m/s, (c) 5 m/s, and (d) 7 m/s 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 9. Deformation contour of the collision angle 60° at speed: (a) 1 m/s, (b) 3 m/s, (c) 5 m/s, and (d) 7 m/s 
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(c) 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 10. Deformation contour of the collision angle 90° at speed: (a) 1 m/s; (b) 3 m/s; (c) 5 m/s, and (d) 7 m/s 

3.2 Safety factor of speed limit 

Navigation safety is crucial in the maritime industry, requiring adherence to international regulations 

such as the International Regulations for Preventing Collisions at Sea (COLREGs), established by the 

International Maritime Organization (IMO). These regulations provide rules to prevent collisions between 

vessels on both open seas and in confined waters. Rule 6 of the COLREGs focuses on Safe Speed, stating 

that vessels must operate at a speed that allows for proper avoidance of collisions and stop within a suitable 

distance for the conditions. Although it does not establish a specific speed limit, it requires the crew to 

consider factors such as visibility, maritime traffic, vessel maneuverability, and weather when determining 

a safe speed. 

Low speeds are typically used when ships enter or exit ports, navigate narrow or shallow waters, or 

operate in areas with heavy maritime traffic. Additionally, maintaining low speeds is crucial during adverse 

weather conditions or limited visibility, such as dense fog or heavy rain, as it allows the crew to respond 

more effectively. This practice is also crucial during dock approaches and boarding procedures to ensure 

the ship's precise and stable movements. Moreover, low speeds are necessary to comply with Emission 

Control Areas / Sulphur Emission Control Areas (ECAs/SECAs) and when navigating through regions 

prone to ice or floating debris, which helps minimize the risk of hull damage. Consequently, reducing speed 

in these situations is a vital component of risk management in ship operations, aiming to uphold safety, 

efficiency, and maritime security. 

Based on the analysis results obtained in the previous subsection, a comparison was made between 

the internal energy generated by impact loads and the safety estimate, represented by the Safety Factor 

(SF). In this study, the safety factor is defined as the ratio between the yield state and the working state. 

The yield condition refers to the structural failure at an impact speed of 7 m/s. In contrast, the working 

conditions were analyzed across three speed scenarios: 1 m/s, 3 m/s, and 5 m/s, to determine the SF value 

for each scenario. The main parameter used in this evaluation is internal energy, which indicates the amount 

of energy absorbed by the double-sided hull structure due to impact, as mentioned in [17]. The internal 

energy values are derived from the data presented in Table 2, while the calculation of the SF values is 

shown in Table 3.  

This evaluation was conducted at impact angles of 45°, 60°, and 90° to determine how well the 

structure absorbs impact energy before reaching the failure condition. The results of this comparison are 

also used to assess whether the structure meets the safety criteria recommended in the literature [40]; a 

similar method was utilized in [17]. According to the safety factor calculations in Table 3, all structural 

components subjected to an impact velocity of 1 m/s remain within a high margin of safety. At this velocity, 

all impact angles yield safety factor values that exceed the recommended limits for all types of loads, 

including static, repeated, variable, change, fatigue, and impact loads. However, at a velocity of 3 m/s, the 

safety factor values only met safety standards for short-term and long-term static loads, but are unacceptable 

for repeated, variable change, fatigue, and impact loads.  



Malsyage et al. 

131 

 

Volume 24 (2) 2025 

Table 3. Safety factor calculation considering internal energy 

Angle 

(°) 

Calculated Factor Load Type [40] 

1 m/s 3 m/s 5 m/s 
Static 

Short-Term 

Static  

Long-Term 
Repeated 

Variable 

Change 
Fatigue Impact 

45 28.88 3.77 1.66 

1-2.5 2.0-5 5.0-15 4.0-10 5.0-10 10.0-15 60 18.15 3.47 1.47 

90 17.20 2.81 1.43 

This condition worsens significantly at a speed of 5 m/s, where the safety factor values drop below 

the minimum threshold for only short-term static loads, indicating a high risk of structural failure under 

real-world impact conditions. In addition to velocity, the impact angle also affects the amount of energy 

the structure must absorb; larger impact angles (closer to perpendicular, 90°) tend to increase absorbed 

energy and decrease the safety factor values. Therefore, collisions at speeds above 3 m/s, particularly at 90° 

angles, pose serious structural risks because the safety factor is below the recommended limit for most load 

types. The structural integrity of a vessel’s inner hull is critical during collisions or impacts, especially in 

marine environments where various speeds and angles of impact can occur. Figure 11 shows the stress 

contour on the inner hull. To ensure safety and durability, it is crucial to assess whether the hull can 

withstand the stresses generated under these conditions.  

 

Figure 11. Stress distribution along the inner hull at 90° impact angle during 7 m/s collision 

Table 4 presents a detailed evaluation of the stress response of the inner hull midsection under various 

collision angles (45°, 60°, and 90°) and velocities ranging from 1 m/s to 7 m/s. The maximum stress values 

obtained from each scenario are compared to the ultimate stress limit of 416 MPa, as defined in the BKI 

Rules Vol. V, 2025, Section 4B, 6.2. From this comparison, a safety factor is derived by dividing the 

ultimate stress by the maximum stress experienced in each case [41]. A safety factor greater than 1.1 is 

considered acceptable for structural performance under impact loading [41]. The results show that for all 

collision angles, impact speeds between 1 m/s and 5 m/s produce safety factors greater than 1.1. This 

indicates that the inner hull can withstand side collisions within this speed range without exceeding the 

material’s structural limits.  
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However, as the collision speed increases to 7 m/s, the safety factor decreases significantly, especially 

at higher impact angles. As seen in Figure 11, a 90° collision at a speed of 5 m/s yields a safety factor of 

only 1.07. At 7 m/s, the maximum stress reaches 524.29 MPa, resulting in a reduction of the safety factor 

to 0.79. This value indicates a high risk of structural failure due to stress exceeding the material's capacity, 

particularly in perpendicular impacts where energy transfer is most severe. 

Table 4. Stress status for inner hull 

Section Angle 

(°) 

Speed 

(m/s) 

Maximum 

Stress (MPa) 

Ultimate Stress 

Material (MPa) 
Safety Factor Stress Status 

midsection 

inner hull 

45 1 289.60 416 1.44 accepted  
3 360.00 416 1.16 accepted  
5 374.18 416 1.11 accepted  
7 407.99 416 1.02 not accepted 

60 1 295.66 416 1.41 accepted  
3 354.65 416 1.17 accepted  
5 363.90 416 1.14 accepted  
7 411.25 416 1.01 not accepted 

90 1 301.59 416 1.38 accepted  
3 351.59 416 1.18 accepted  
5 389.98 416 1.07 not accepted  
7 524.29 416 0.79 not accepted 

To ensure structural integrity and safety, operational speeds should be limited to conditions that 

maintain a safety factor above the minimum threshold, particularly with regard to impact and fatigue loads. 

However, it's essential to recognize that while the safety factor offers a quantitative assessment of a 

structure's capacity, the risk of collision doesn't rely solely on structural strength. Human factors, such as 

crew decision-making and errors, along with environmental conditions like weather, visibility, vessel 

maneuverability, and operational practices, significantly influence the prevention of collisions and the 

mitigation of their consequences. Therefore, maintaining a high safety factor at low speeds must be 

complemented by strong operational measures to guarantee overall safety. 

4 Conclusions 

The results indicate that a structure's ability to absorb energy and resist failure is significantly 

influenced by both the angle and velocity of impact. In particular, higher speeds and perpendicular impacts 

result in greater damage, with the most severe damage occurring at a 90 ° angle. Quantitative data reveal 

that at impact speeds of 7 m/s, the internal energy increases by approximately 90% compared to impacts at 

1 m/s. The maximum internal energy recorded during simulations was around 28.99 MN for 90° impacts 

at 7 m/s, approximately 27.67 MN at 45°, and 25.5 MN at 60°, all under the same speed conditions. The 

capacity to resist crushing forces decreases as the angle of collision approaches a perpendicular angle. The 

results indicate that at an angle of 45°, the crushing force is 51.05 MN, which decreases by 32% to 34.39 

MN at a 90° angle, thereby reducing the structural safety margin. Hourglass energy remained within 

acceptable limits across all scenarios, confirming the reliability of the numerical model. The findings 

suggest that impact speeds exceeding 3 m/s, particularly at high impact angles, pose significant risks to 

structural integrity, with safety factors dropping below the recommended level of 1.5 in some instances. 

Based on these results, it is proposed that operational safety limits should keep impact speeds below 3 m/s 

when navigating confined waters or hazardous conditions to prevent critical damage. These insights inform 

design improvements for ship crashworthiness, emphasizing the importance of managing impact angle and 

velocity to enhance maritime safety. Future research is recommended to focus on refining ship structural 

designs by exploring diverse geometric configurations and advanced material alternatives. Expanding the 

analysis to encompass a broader range of collision scenarios, such as fluid-structure interaction, multi-body 

interactions, and varied material properties, may provide a more comprehensive understanding of structural 

performance. The application of optimization techniques and probabilistic approaches is also suggested to 

improve crashworthiness and enhance safety margins under realistic operating conditions. 
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