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Abstract

:

As ship collisions and grounding accidents lead to human injury and damage to the environment and property, more accurate predictions of structural damage to ships under impact loads are needed. Currently, to determine structural behaviors, finite element analysis (FEA) is frequently adopted. However, it is recommended to pay attention to material properties in FEA because structural damage is sensitive to material properties such as yield strength, fracture strain, etc. While the strain rate (impact speed) is automatically considered for dynamic yield stress using the Cowper–Symonds equation or other methods, the pre-defined fracture strain is generally used as the dynamic fracture strain (DFS), which is not dependent on strain rate during the simulation. This assigned value of fracture strain may affect the extent of damage and structural response. In this study, the effect of the DFS on the structural damage from collisions was investigated to determine the relationship between the DFS and damage. Empirical formulas based on predictions of damage by various events were developed as a function of the DFS and initial impact speed. The results of this study explained the effect of the DFS on the structural damage and determined the upper and lower bounds of damage by collisions.
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1. Introduction


Ship structures (not only merchant ships but also battle ships) are exposed to various accidents during operations. According to the European Maritime Safety Agency (EMSA), 2000 incidents are reported annually, and more than 13,000 accidents were recorded for 2014–2020 [1]. In addition, around 27% of reported accidents accompanied serious or very serious human injury or damage to the environment and structures [1]. Figure 1 shows the distribution of accidents during the past seven years, and there are many events, even though the annual number of accidents has slightly decreased. Navigational accidents such as collision, grounding, and contact, which are related to structural impact loads, were recorded in around 64% of all events.



To save lives and the environment, accidental navigational risks should be reduced. Risks can be controlled by decreasing their frequency and consequence. Proactive approaches such as planning, radar, and watch-keeping can reduce the frequency of collisions. Goerlandt and Kujala [2,3] presented an approach to estimate a ship collision probability (frequency) using dynamic traffic simulation. Paik et al. [4] introduced a method for calculating frequencies by considering randomly selected scenarios, and Kim et al. [5] applied a practical method for calculating frequencies of ship–ship and offshore–ship collisions. Recently, Nangung and Kim [6] developed a regional collision prediction approach using a fuzzy inference system for reducing the collision frequency.



In contrast, the damage (consequence) may depend on factors such as structural layout, impact location, impact speed, etc., when a striking ship is defined. There are ways of reducing the consequences, as follows:




	
Reinforce an expected impact location (damage zone),



	
Change the route of a striking (grounded) ship to collide (grounding) at a stronger structural part of the struck (grounded) ship.








As the structural damage can be controlled based on the damages predicted by a specified collision scenario, it is important to accurately predict the collision damage. Hong and Amdahl [7], Lui et al. [8], and Zeng et al. [9] performed experimental tests for obtaining the responses of the structural members (girder, plate, stiffened panel) of a ship under impact loads. Large-scale experimental tests accounting for the effect of the added mass were conducted by Ehlers et al. [10] for validating ship collision mechanics. Hong and Amdahl [7], Pedersen and Zhang [11,12], and Paik and Seo [13] developed empirical formulas to rapidly predict the structural response and crashworthiness by collisions and groundings. Regarding the finite element analysis (FEA), Glykas and Das [14], Zhang and Suzuki [15], Haris and Amdahl [16], and Nauyen et al. [17] introduced finite element (FE) modeling procedures/techniques and performed sensitivity analyses under impact accidents. Sohn and Jung [18] selected 50 credible scenarios with different displacement, speed and heading angle of the striking ship based on the marine traffic data of the coastal area in South Korea. In addition, Buldgen et al. [19] presented a super element and simplified analytical methods for analyzing structural response in collision events. To consider the effects of the surrounding water, Ferry and Le Sourne [20] developed a subroutine program called MCOL to reflect the effect of water instead of structural boundary conditions in FEA. Kim et al. [21] demonstrated the effects of the surrounding water such as the restoring force, added mass, damping force, resistance force, etc., on the structural damage. Recently, Kim et al. [22] performed a benchmark study for comparing and validating the structural response by different approaches considering both collisions and groundings. In addition, Kim et al. [23] introduced a practical method using spring elements for predicting the damage by impact conditions.



It is well-known that the structural response to navigational (impact) accidents is closely related to the fracture mechanism. Fracture strain under the impact loads depends on the strain rate, which is velocity-dependent. When dynamic FEAs are performed, the dynamic fracture strain (DFS) depending on several factors should be considered. Lehmann et al. [24] provided element size- and thickness-dependent DFSs for collision. Ko et al. [25] suggested the strain-rate-dependent DFS by considering the initial impact velocity of the striking ship. Generally, the DFS of mild steel subjected to collisions and groundings is in the range of 0.8 to 1.2 [24,25]. However, it is still difficult to define an exact value of DFS and apply it to the FEA. Moreover, running multiple scenarios with several DFSs to find the range of damage wastes time. Therefore, it needs factors that can revise the structural response with a pre-used DFS for approximately predicting the damage with other DFS values.



Once ships encounter navigational accidents, environmental pollution and structural damage are the inevitable consequences. In particular, the follow-up after collisions is more difficult than after groundings because collisions can occur not only on the shore but also offshore, while grounding events mainly occur around the shore. For this reason, this study mainly investigated the effect of the DFS on the structural damage in collision accidents, which lead to wider structural damage than groundings. Five DFS values were considered to observe DFS-dependent damage (penetration and absorbed energy). Additionally, five kinds of initial impact speeds (   V o   ) of the striking ship and two hardening tangent moduli (   E h   ) were also considered to examine the effect of the DFS under various collision conditions. Finally, empirical formulas were developed using the results of analysis to approximately calculate the structural response based on the damage predicted by the reference scenario.



In this paper, Section 2 presents a target structure and FE model for the dynamic FEA. Section 3 demonstrates the effects of the extent of analysis and boundary conditions. Section 4 introduces collision scenarios for a case study. Section 5 summarizes the results of simulations, and Section 6 introduces the development of empirical formulations to analytically predict the structural damage using the initial impact speed and DFS. Section 7 presents the application of a developed equation to a practical exercise. Finally, Section 8 includes the findings of the present study.




2. Finite Element Model


2.1. Target Structure


In this study, a 320 k very large crude oil carrier (VLCC) class double hull oil tanker, which can cause the most serious environmental damage in collisions, was selected as a target struck vessel, as shown in Figure 2. Table 1 presents the principal dimensions of the target structure. The target structure was modeled in the form of an FE using ANSYS/LS-DYNA explicit solver [26] to analyze the dynamic structural response.




2.2. Material Modeling


It was assumed that all structural parts of the target ship in this study were made of the mild steel as presented in Table 2. Even if a true stress–strain curve is multi-linear, it gives very different results depending on impact scenarios because the dynamic structural capacity (strength and energy) depends on the strain rate (impact speed) during accidents [22]. Thus, this study considered the material to have bi-linear (elastic-plastic) material behavior using ‘Piecewise linear plasticity’ in ANSYS/LS-DYNA simulations [26]. To investigate the hardening effect, two kinds of hardening tangent moduli (0% and 10% of elastic moduli) were employed to compare the influence of material behavior after the yielding.



During the simulations, the dynamic (strain rate) effect was considered using the Cowper–Symonds equation (see Equation (1)) for considering the dynamic yield strength [26,27]:


   σ  Y d   =   1 +       ε ˙  C      1 / q      σ Y   



(1)




where    σ  Y d     and    σ Y    are the yield strength in static and dynamic loads,   ε ˙   is the strain rate, and  C  and  q  are material-related (Cowper–Symonds) coefficients.




2.3. Element Type and Size


Two-dimensional plate structures were modeled by shell elements, and beam elements were applied to the 1D structural members such as stiffeners. In the simulations using ANSYS/LS-DYNA, the shell element took the Belytchko–Tsay formulation, which accounted for the translational and rotational velocity of nodes in six degrees of freedom [26]. The Hughes–Liu model with user-defined cross-section integration was employed for beam elements [26].



It was necessary to narrow a zone for the refined elements as much as possible because the simulation running time increases with increasing the total number of elements. This study assumed the collision at a center of the struck ship and selected the zone for applying the fine elements at the expected impact area as presented in Figure 3. Measurements of 100 × 100 (mm) elements for shells and 100 mm for beams were applied at the element refine (expected impact) zone, referring to studies that performed the mesh convergence study considering both collisions and groundings [21,22]. Other elements were around 950 × 950 (mm).





3. Effect of Boundary Conditions and Extent of Analysis


As is well-known, it is best to consider the entire vessel in the extent of analysis to reduce the boundary effect from structural members. However, sometimes it may be possible to apply a partial structure if there is no difference in the results between the entire and partial structure. To select an efficient extent of analysis, this study investigated and compared the structural behaviors of three kinds of extents as follows:




	
Model I: 3 cargo holds (cargo No. 2–No.4);



	
Model II: 1/2 + 1 + 1/2 cargo holds (half of cargo No. 2 + cargo No. 3 + half of cargo No. 4);



	
Model III: 1 cargo hold (cargo No. 3).








Two kinds of boundary conditions (simply supported and fixed) at the ends of the model were adopted to compare the boundary effect. Figure 4 illustrates extents of the analysis to obtain their effects on structural responses. Details of the boundary conditions were




	
Simply supported (SS): dx, dy, and dz are fixed at the left end, and dy and dz are fixed at the right end. The rotational displacements are acceptable;



	
Fixed supported (FS): All the translational and rotational displacements are fixed at both ends.








Figure 5 presents the effects of boundary conditions and extents of analysis on structural behavior considering the reference scenario in Section 4. It shows that structural responses (penetration, absorbed energy and resultant force) were slightly larger with the smaller extent of analysis, but the differences were minor. On the other hand, the wider models (Model I) gave larger frictional energy than the other models because Model I was more flexible. Table 3 summarizes the maximum structural response.



At both ends of Models II, there was no strong structural member in the breadth direction, such as a bulkhead and transverse frame. Thus, Model II was not stiffened and resulted in shorter penetration than the others. To perform the case study in Section 4, Model I was adopted after considering the simply supported condition that presented the average structural responses.




4. Case Study


According to Paik et al. [4], who conducted a statistical analysis of collision accidents, the mean and standard deviations of relative speed between struck and striking ships were 0.712 (struck/striking) and 0.443, respectively. Based on this research, initial impact speeds between 2 and 7.5 knots were considered, with 5 knots the initial reference collision speed [21,22]. Furthermore, 0.1 of DFS for mild steel is applied to define the reference scenario [24,25]. In addition, hardening tangent moduli, which were 0.0 (elastic-perfectly plastic) and 0.1 times the elastic modulus, were considered. The parameters used in this case study were as follows:




	
Dynamic fracture strain,   DFS   (-): 0.06, 0.08, 0.1 (Ref.), 0.12, 0.14;



	
Initial impact speed,    V o    (knots): 2.5, 4, 5 (Ref.), 6, 7.5;



	
Hardening tangent moduli (MPa): 0.0, 20580.








In the present study, it was assumed that the rigid striking ship collided at the middle of the struck ship to reduce the influences from impact locations, as shown in Figure 6. Both ships were under half-loading conditions (204,000 tons), which can cause a level of damage midway between those of very serious and less serious events.




5. Results of Analysis


With various DFSs, initial impact velocities, and hardening tangent moduli, 50 collision scenarios were analyzed using dynamic FEA. Figure 7 and Figure 8 illustrate the results of analyses that included time-penetration and time-absorbed energy. The frictional energy and resultant force were excluded because they are not directly related to structural damage. The penetration was observed at the tip of the striking ship’s bow, and the absorbed energy included only the strain energy in the structure excluding the frictional energy between two bodies.



Overall, it was discovered that the penetration became shorter and the structure absorbed more energy when increasing the DFS. The time of maximum penetration was faster when a larger DFS was considered. This was because the fracture of the structural members was delayed, and the capacity of energy absorption was improved.



Figure 7 presents the influence of the DFS on the structural responses depending on the initial impact speeds without the hardening effect. It shows that the difference in absorbed energy was minor when the ship collided with lower impact speed, while there was a distinct difference in energy with a higher velocity. It can be found that the energy after the maximum value was constant because all the structures damaged during accidents were under the perfectly plastic behavior. While the hardening effect was considered, the structure was partially recovered, as illustrated in Figure 8 (absorbed energy), when it had a larger DFS. More structural members were affected by impact loads from the collision because they became tough when increasing the DFS. The striking ship moved backward after reaching the maximum penetration owing to the structural recovering force in the opposite direction of the initial velocity.



For a similar reason, the absorbed energy increased until the maximum penetration, but it decreased owing to the recovery of the structural members in the elastic region after the maximum response. In addition, the rebounding event was remarkably observed when the structure involved larger and larger DFSs.



Figure 9 and Table 4 present the maximum penetration and absorbed energy depending on parameters. Scenarios that considered the hardening effects generally resulted in smaller penetration and higher absorbed energy than scenarios without the effect. It presents that much more kinetic energy of the striking ship was consumed by structures surrounding the damaged area before rebounding from the struck ship. However, when the speed was very slow (2.5 knots), the effect led to smaller absorbed energy owing to the rebounding. When the hardening effect was considered, the plastic strain was much more widely distributed than the elastic-perfectly plastic material (   E h  = 0.0 E  ), as shown in Figure 10.



In the comparison of the results depending on the hardening moduli, it was also observed that the hardening effect on the maximum structural damage (both penetration and energy) was greater with a relatively larger DFS, regardless of the speed, owing to the amount of energy absorption. In addition, the frictional energy of    E h  = 0.1 E   was smaller than    E h  = 0.0 E   because of the smaller contact area (see Figure 10).




6. Development of an Empirical Formula


The ratio of the damages (penetration and absorbed energy) of the desired and reference scenarios can be expressed as a function of the DFS and initial impact velocity as shown in Equation (2):


   D   D  r e f     = f   DFS ,    V o     



(2)




where  D  = maximum damage by the desired scenario, and    D  r e f     = maximum damage by the reference scenario with 0.1 of DFS and 5 knots of impact speed.



Based on the simulation results, empirical formulas were developed as expressed in Equations (3) and (4). Table 5 presents the coefficients of equations depending on the initial impact speed and hardening moduli. When considering results depending on DFS with fixed impact speed, it shows the relationship in a quadratic polynomial form. In addition, coefficients of the Equations (3) and (4) are proportional to the speed:


    P e n .   P e n  .  r e f     =  a 1  ·   DFS  2  +  b 1  · DFS +  c 1   



(3)






    A b .   E .   A b .   E  .  r e f     =  a 2  ·   DFS  2  +  b 2  · DFS +  c 2   



(4)




where   P e n .   and   A b . E .    = the Max. penetration and absorbed energy by collision scenario,   P e n  .  r e f     and   A b .   E  .  r e f     = the Max. damage by the reference scenario with 0.1 of DFS and 5 knots of impact speed, respectively.



Finally, Equations (3) and (4) can be combined as a function of both   DFS   and    V o    in knots (Equation (2)) as Equations (5)–(8):



For    E h    = 0.0E


    P e n   P e n  .  R e f .     =   8.71  V o  − 5.05     DFS  2  +   − 2.67  V o  + 1.35   DFS +   0.43  V o  − 0.37    



(5)






    A b .   E .   A b .   E  .  R e f .     =   − 2.58  V o  + 4.88     DFS  2  +   1.11  V o  − 2.46   DFS +   0.29  V o  − 0.59    



(6)







For    E h    = 0.1E


    P e n   P e n  .  R e f .     =   20.8  V o  − 37.24     DFS  2  +   − 6.8  V o  + 11.1   DFS +   0.7  V o  − 0.87    



(7)






    A b .   E .   A b .   E  .  R e f .     =   − 3.77  V o  + 9.54     DFS  2  +   2.92  V o  − 8.67   DFS +   0.19  V o  − 0.3    



(8)







Structural damages calculated from the developed equations (Equations (5)–(8)) were compared with the results of 50 FE simulations. Maximum penetrations of the formula were in a good agreement. However, the formula (Equation (8)) underestimated the absorbed energy when the lowest and highest impact speeds (2.5 and 7.5 knots) were applied with the hardening effect, as illustrated in Figure 11b. This may have been caused by an error of high nonlinearity of the hardening effect and the interpolation at the boundary of the equation. Thus, it is not recommended to use Equation (8) when the impact speed is slower than 4.0 knots and faster than 6.0 knots.




7. Application to Practical Exercise


In the research by Kim et al. [21], the damage to a passenger ship from a collision was introduced. Table 6 presents the details of the collision scenario and the maximum structural response obtained by Kim et al. [21].



By applying the scenario in Table 6 as the reference scenario to Equations (5) and (6), it was possible to predict the upper and lower bounds of the maximum structural response considering the design conditions. Figure 12 presents an example of application using the developed formulas. In this example, it was assumed that the collision speed was from 3 to 7 knots, and the expected DFS was 0.08–0.12. This might be useful when designing the initial structural members.




8. Conclusions


The aim of this study was to investigate the effect of dynamic fracture strain and initial impact speed on the structural responses of ships subject to collisions. The structural damages (penetration and absorbed energy) were obtained depending on the parameters. In addition, the influence of hardening tangent moduli was presented to determine their combined effects. Based on the results of the FEA, empirical formulas were developed to analytically predict damages using the structural response of the reference scenario. The equations provided the boundary of maximum penetration and absorbed energy when considering various accidental conditions.



From this study, some conclusions can be drawn as follows:




	
As the dynamic fracture strain increases, the penetration becomes shorter, but the amount of absorbed energy increases.



	
When the structure is tougher (larger dynamic fracture strain), the energy consumption becomes faster.



	
The effect of the dynamic fracture strain is minor under lower impact velocity when the hardening effect is not considered.



	
The structure considering the hardening effect partially recovers owing to the elasticity. More structural members are affected by the impact load than in the results without the tangent moduli.



	
The hardening effect is remarkable. The effect leads to smaller penetration and higher absorbed energy owing to the energy consumption by the structures around the damaged area. The effect results in widely distributed plastic strain.



	
The tangent moduli have more of an impact on the responses when a relatively larger dynamic fracture strain is adopted.



	
Maximum damage determined by the developed formula was in a good agreement with the FEA. It might be helpful to provide the upper and lower bounds of damage when considering various dynamic fracture strains for double sided oil tankers. However, it is recommended to use the formula for 4.0–6.0 knots of velocity when the hardening effect is considered.
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Figure 1. Distribution of maritime casualty accidents over 2014–2020 (reproduced from [1], with permission from EMSA 2022). 
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Figure 2. Target structure: 320 k VLCC class double hull oil tanker. 
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Figure 3. Element refine zone (upper) and refined elements (lower) (top view). 
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Figure 4. Three kinds of extent of the analysis. 
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Figure 5. Effects of the extent of analysis and boundary conditions on the structural responses. 
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Figure 6. Collision location. 
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Figure 7. Effect of   DFS   on dynamic structural responses depending on    V o    with    E h  = 0.0 E  . 
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Figure 8. Effect of   DFS   on dynamic structural responses depending on    V o    with    E h  = 0.1 E  . 






Figure 8. Effect of   DFS   on dynamic structural responses depending on    V o    with    E h  = 0.1 E  .



[image: Jmse 10 01674 g008a][image: Jmse 10 01674 g008b][image: Jmse 10 01674 g008c]







[image: Jmse 10 01674 g009 550] 





Figure 9. Comparison of the maximum structural responses. 
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Figure 10. The effect of hardening moduli on the plastic strain distribution (0.1 of   DFS   and 5 knots of    V o   ). 
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Figure 11. Comparison of structural response by FEA and developed empirical formula. 
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Figure 12. Upper and lower bounds of maximum damage obtained by the formula. 
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Table 1. Principal particular of the target structure.






Table 1. Principal particular of the target structure.





	Length overall (m)
	318.2



	Breadth (m)
	60.0



	Depth (m)
	30.0



	Design draft (m)
	21.6



	Deadweight (ton)
	320,000



	Displacement (ton)
	364,000



	Block coefficient
	0.81
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Table 2. Material properties applied to the target ship.






Table 2. Material properties applied to the target ship.





	
  Density ,   ρ  

(kg/m3)

	
   Yield   Strength ,    σ Y     (MPa)

	
  Elastic   Modulus ,   E   (GPa)

	
Cowper–Symonds Coefficient




	
C

	
q






	
7850

	
235

	
205.8

	
40.4

	
5
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Table 3. Summary of the maximum structural response for different models and boundaries.






Table 3. Summary of the maximum structural response for different models and boundaries.





	
Extent of

Analysis

	
Boundary

Conditions

	
Max. Penetration

(m)

	
Max. Absorbed

Energy (MNm)

	
Max. Frictional

Energy (MNm)






	
Model I

	
SS

	
16.19

	
324.38

	
140.18




	
FS

	
16.02

	
321.52

	
142.40




	
Model II

	
SS

	
15.89

	
323.88

	
140.14




	
FS

	
16.01

	
321.24

	
140.27




	
Model III

	
SS

	
16.43

	
324.83

	
142.08




	
FS

	
16.42

	
328.42

	
139.78
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Table 4. Summary of effects of the case study on the maximum penetration (Pen.) and absorbed energy (Ab. E.).






Table 4. Summary of effects of the case study on the maximum penetration (Pen.) and absorbed energy (Ab. E.).





	
     E h  = 0.0 E = 0.0   MPa    

	
     E h  = 0.1 E = 20 , 580   MPa    




	
DFS

(-)

	
    V o    

(knots)

	
Max. Pen.

(m)

	
Max. Ab. E.

(MNm)

	
DFS

(-)

	
    V o    

(knots)

	
Max. Pen.

(m)

	
Max. Ab. E.

(MNm)






	
0.06

	
2.5

	
7.839

	
105.925

	
0.06

	
2.5

	
3.345

	
100.351




	
0.08

	
6.846

	
107.981

	
0.08

	
2.927

	
102.705




	
0.10

	
6.186

	
111.400

	
0.10

	
2.226

	
104.330




	
0.12

	
5.599

	
112.688

	
0.12

	
1.856

	
105.362




	
0.14

	
5.500

	
113.601

	
0.14

	
1.822

	
108.510




	
0.06

	
4

	
14.746

	
259.824

	
0.06

	
4

	
6.938

	
418.390




	
0.08

	
12.641

	
271.570

	
0.08

	
5.900

	
450.500




	
0.10

	
11.403

	
279.929

	
0.10

	
4.833

	
472.400




	
0.12

	
10.469

	
284.048

	
0.12

	
4.323

	
478.398




	
0.14

	
9.803

	
289.628

	
0.14

	
3.572

	
506.303




	
0.06

	
5

	
19.725

	
403.621

	
0.06

	
5

	
5.174

	
260.060




	
0.08

	
17.485

	
418.423

	
0.08

	
4.320

	
274.409




	
0.10

	
16.244

	
427.263

	
0.10

	
3.925

	
285.528




	
0.12

	
14.935

	
436.943

	
0.12

	
2.972

	
292.830




	
0.14

	
13.780

	
445.212

	
0.14

	
2.886

	
301.330




	
0.06

	
6

	
24.683

	
564.638

	
0.06

	
6

	
8.939

	
550.346




	
0.08

	
21.823

	
586.331

	
0.08

	
7.139

	
623.568




	
0.10

	
20.220

	
600.979

	
0.10

	
6.144

	
693.100




	
0.12

	
19.294

	
615.532

	
0.12

	
5.468

	
713.298




	
0.14

	
18.294

	
622.905

	
0.14

	
4.400

	
793.600




	
0.06

	
7.5

	
33.066

	
843.162

	
0.06

	
7.5

	
12.308

	
956.280




	
0.08

	
28.461

	
893.403

	
0.08

	
9.747

	
1027.400




	
0.10

	
26.858

	
912.507

	
0.10

	
8.202

	
1126.999




	
0.12

	
25.221

	
934.599

	
0.12

	
5.908

	
1317.301




	
0.14

	
23.619

	
965.816

	
0.14

	
5.743

	
1318.601
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Table 5. Coefficients for Equations (3) and (4).






Table 5. Coefficients for Equations (3) and (4).





	
     E h  = 0.0 E    




	
    V o     (knots)

	
     a 1     

	
     b 1     

	
     c 1     

	
     a 2     

	
     b 2     

	
     c 2     




	
2.5

	
20.463

	
−5.917

	
0.764

	
−1.846

	
0.604

	
0.218




	
4

	
34.979

	
−10.708

	
1.420

	
−6.568

	
2.229

	
0.500




	
5

	
23.126

	
−9.070

	
1.669

	
−5.110

	
2.212

	
0.832




	
6

	
48.333

	
−14.378

	
2.200

	
−12.010

	
4.107

	
1.119




	
7.5

	
65.652

	
−19.944

	
2.975

	
−14.653

	
6.283

	
1.660




	
     E h  = 0.1 E    




	
2.5

	
40.629

	
−12.386

	
1.304

	
0.376

	
0.126

	
0.204




	
4

	
36.161

	
−13.361

	
1.743

	
−5.866

	
2.242

	
0.438




	
5

	
41.807

	
−16.957

	
2.302

	
−9.190

	
3.994

	
0.685




	
6

	
65.938

	
−24.307

	
3.046

	
−13.296

	
8.758

	
0.696




	
7.5

	
149.380

	
−47.430

	
4.864

	
−18.498

	
14.438

	
1.189
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Table 6. Collision scenario and maximum structural response obtained by Kim et al. (reproduced from [21], with permission from Elsevier 2022).






Table 6. Collision scenario and maximum structural response obtained by Kim et al. (reproduced from [21], with permission from Elsevier 2022).





	
Collision Scenario

	
Max. Structural Response




	
     V o     

(knots)

	
Collision Angle

(°)

	
    D F S    

(-)

	
    E h    

(MPa)

	
Penetration

(m)

	
Absorbed Energy (MNm)






	
5

	
90

	
0.1

	
0.0E

	
10.43

	
32.93
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(d) V, = 6.0 knots
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