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A B S T R A C T  

This study focuses on the crashworthiness performance due to collision accidents on 

stiffened plate panels on ship structures. Numerical impact simulation using explicit 

dynamic with ANSYS software on the stiffened plate with quasi-static loading is 

investigated. The investigation emphasizes numerical parameters such as mesh size 

and geometric parameters, including stiffener type, spacing, and configuration. 

Benchmarking results show high accuracy, with force-displacement trends and fracture 

energy discrepancies less than 5 % compared to experimental data. Deformation and 

fracture contours are similar to experimental observations, particularly at plate-

stiffener intersections. Key findings highlight the crucial impact of mesh size on 

accuracy, where a finer mesh size significantly increases the accuracy level. The study 

also evaluates the effect of different stiffener types, configurations, and spacings on 

crashworthiness. The Single-L and Cross-Y stiffeners perform better than the T and I 

stiffeners. Other investigations show stiffener configuration and stiffener spacing 

generally influence crashworthiness performance. This research underlines the 

importance of detailed structural analysis for enhancing ship safety in collision 

scenarios, vital for minimizing potential losses and environmental damage. 

1. Introduction 

Marine transportation is essential in the global economy, with nearly 90 % transported by sea [1,2]. 

Disaster prevention efforts at sea have been made amid the rapid development of marine transportation, but 

the accident rate in the marine transportation industry is still high [3]. Marine transportation safety has become 

a central focus of the global marine transportation industry despite being less developed than land and air 

transportation safety research. This research is crucial due to the potential for accidents and significant losses. 

It systematically and in-depth explores the mechanisms and causes of marine accidents, predicts potential 
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consequences, analyzes accident probability distributions, devises prevention strategies, and examines the 

relationship between causal factors and the severity of damage [4]. 

Identifying factors contributing to marine transportation accidents is critical for minimizing their 

occurrence and improving safety. These factors encompass human error, traffic conditions, weather 

conditions, and mechanical failures. The International Maritime Organization (IMO) categorizes marine 

transportation accidents into eight types: shipwreck, grounding, hull equipment failure, contact, fire, collision, 

war damage, and oil spills. Such accidents can lead to substantial economic losses, environmental damage, 

and loss of life [5]. IMO uses a structured Formal Safety Assessment (FSA) to evaluate the risk of accidents 

in maritime transportation through the Maritime Safety Committee (MSC) [3]. 

Analysis of marine transportation accidents indicates that groundings and ship collisions are the most 

prevalent globally. With 90 % of international trade transported by sea, congestion in local waterways and 

ports heightens the risk of collisions [6]. Collisions can result in structural damage to ships, oil spills, 

environmental harm, explosions, route congestion, permanent vessel damage, and loss of life. Given these 

potential losses, research into collision safety is crucial [7,8]. The marine transportation industry prioritizes 

crashworthiness to enhance hull structure performance, focusing on the hull's ability to absorb impact through 

plastic deformation, thereby minimizing mechanical damage and improving survival chances during collisions 

[9,10,11]. Crashworthiness research focuses on the structure's ability to absorb energy post-collision [12]. This 

research often involves experiments that replicate the actual structural construction of ships to gather reliable 

data. The data from these experiments serve as a benchmark to validate numerical or analytical approaches to 

studying structural responses to ship collisions [13]. However, experimental research faces challenges such as 

variability in material characteristics, defining failure criteria, distortions during the construction and assembly 

of structural models, maintaining structural integrity, and accounting for hydrodynamic effects, which add 

significant complexity [7]. 

With advancements in computer technology, these complexities are increasingly managed through 

numerical finite element analysis (FEA). FEA allows for detailed, cost-effective research, particularly in ship 

structure analysis [14]. It enables the simulation of structural responses and assessment of accident worthiness 

in collision scenarios. In FEA, fractures are modeled by removing elements that exhibit excessive strain, 

highlighting how mesh size in FEA significantly influences the outcomes [15,16]. 

This study focuses on enhancing the design of ship hull structures to better withstand impact loading, 

particularly in collision scenarios, by optimizing stiffener configurations. It highlights the critical role of 

stiffeners in increasing the safety, reliability, and sustainability of ship structures under impact loads. 

Employing a comprehensive approach, the research combines numerical simulations of quasi-static impact 

events with extensive experimental validation to refine both numerical and physical aspects of crashworthiness 

design. Key numerical factors like mesh size and element quality were carefully adjusted to optimize 

simulation accuracy and efficiency. Additionally, the study rigorously analyzed physical characteristics such 

as types of stiffeners, stiffener spacing, and geometric configurations to understand their impact on energy 

absorption and deformation patterns. This research advances current knowledge by integrating advanced 

simulation tools with experimental data to develop innovative stiffening solutions. 

2. Literature review 

Research on the phenomenon of ship collision has been conducted using both experimental and 

numerical methods. The study aims to determine the durability of the ship structure when a ship collision 

incident occurs. Alsos et al. [17] used the experimental method of penetrating the stiffened plate panel to 

determine the damage to the ship structure due to ship collision and ship grounding incidents. The research 

focuses on plastic deformation and fracture in the structure. Alsos et al. [15] Then, they continued their 

research using numerical methods, namely the finite element method, by conducting numerical simulations of 

the experiments that had been carried out. The study produced numerical simulation data that focused on 

fracture prediction, which was then compared with experimental data that had been carried out. The 

experiments and simulations conducted by Alsos et al. were both conducted under quasi-static conditions. 
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Moreover, Abubakar et al. [16] compared experimental data on stiffened plate panel penetration by 

Alsos et al. [17] with simulation tests conducted using the finite element method, which focused on predicting 

damage to the stiffened plate panel due to penetration loads. The simulation test examined the damage to the 

ship's double bottom structure during a grounding incident. Paik et al. [18] aimed to develop a simulation 

model using the finite element method to analyze structural crashworthiness in ship collisions and grounding 

incidents. Their research defines key aspects such as mesh size, material stress-strain relationships, critical 

fracture strains, and dynamic effects. Additionally, Kõrgesaar et al. [19] discussed the benefits and 

disadvantages of each fracture criterion by presenting ship collision simulations that included consideration 

of several failure criteria utilizing various mesh densities and material models. Kõrgesaar & Romanoff [20] 

examined the effects of mesh size, stress triaxiality, and damage-induced softening on the ductile fracture 

behaviour of large-scale shell structures under multi-axial stretching. Two structural configurations were 

analyzed: stiffened and unstiffened panels. The comparison between numerical simulations and experimental 

data indicates that the simulations accurately reproduce key experimental observations, particularly with 

varying mesh densities. Moreover, the impact phenomenon in ship side-shell structure and single-sided 

stiffened and double-skinned steel sandwich panels by using numerical simulation can be found in [21,22]. 

Based on the above-mentioned literature, investigating the crashworthiness of stiffened plate panels in 

ship structures is critical, given the significant consequences of collision accidents. The impact performance 

of stiffener configuration on the structural integrity of a ship during a collision is influenced by several factors, 

including stiffener design and configuration. By optimizing the shape, type, and placement of stiffeners, ship 

designers can significantly improve the crashworthiness and safety of vessels. This research uses explicit 

dynamic numerical impact simulation with ANSYS software to evaluate the quasi-static loading on stiffened 

plates, emphasizing critical numerical parameters such as mesh size and geometric factors, including stiffener 

type, spacing, and configuration. The study of design configurations of stiffened plate panels under impact 

loads such as collisions is limited and crucial for maritime vessels' safety and structural integrity. These panels 

are pivotal in maintaining a ship's integrity by effectively absorbing energy and containing damage during 

high-stress collisions. Optimizing these configurations enhances a ship's resilience to impacts, preventing 

catastrophic failures like hull breaches and hazardous material spills. Factors such as material selection, 

stiffener type and configuration, and geometric optimization are rigorously analyzed and complemented by 

advanced numerical simulations. By advancing our understanding and implementing optimized stiffened plate 

panels, this research directly contributes to mitigating these risks, underscoring the urgent need for continued 

and focused study in this area. 

2.1 Review of ship collision phenomenon 

Impact loads can be described as high-strength loads applied over a short period. Structures subjected 

to impact loads are vulnerable to failure since they are typically designed to endure energy and loads 

incrementally [23,24]. It highlights the adverse effects of impact load phenomena, which are closely associated 

with damage and loss of life. Impact load phenomena can manifest in various forms, particularly in the marine 

industry, with ship collisions being a prime example [25]. 

The origin of ship collisions can be traced to sudden and generally accidental contact. Therefore, the 

incident can be classified as accidental loads. Due to its unintentional nature, ship collision scenarios can vary 

depending on several factors [26-28]. Firstly, the nature of the collision itself is significant, whether it involves 

a rigid body, an offshore platform, or another vessel. The forces at play during the collision are crucial, 

including the speed, displacement, bow structure, draft of the vessel, and the relative azimuth between the 

colliding ships. Additionally, the condition of the vessel colliding, such as its displacement, draft, speed, and 

relative azimuth, plays a role. Environmental factors like wind, waves, and current flows also contribute to 

the likelihood and severity of a collision. Finally, the structural capacity of the ship to withstand the impact is 

a critical consideration in the outcome of such incidents. 

Ship collisions can involve various objects, including other ships, containers, docks, and objects that 

could lead to a crash [27]. In ship-to-ship collisions, the vessels are categorized as either the "struck ship," 

which is the vessel that is hit, or the "striking ship," which is the vessel that causes the collision [29]. 
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The extent of damage varies depending on whether the collision occurs near the main or center decks and the 

specific area of impact, whether it be the fore, mid, or aft sections, since these areas have different structural 

shapes and patterns [27]. 

The ship collision phenomenon is divided into two primary components: external dynamics and internal 

mechanics. The external dynamics concern the motion of the vessels and their interaction with surrounding 

conditions, while the internal mechanics focus on the material damage to the structures involved in the 

collision [30]. Critical parameters for external dynamics include the mass or type of ship, collision speed, 

collision location, and collision angle, which can be used to verify the structural response in the internal 

mechanics of the collision. Several calculation methods exist to estimate the structural response in a ship 

collision, such as the empirical methods introduced by Minorsky (1958) in Eq. 1, Vaughan (1978) in Eq. 2, 

Woisin (1979) in Eq. 3, and Paik (1994) in Eq. 4 [27]: 

𝐸 =  47.2 𝑅𝑇  +  32.7  (1) 

𝐸 =  93 𝑅𝑇 +  33 𝐴 (2) 

𝐸 =  47.2 𝑅𝑇  +  0.5 𝛴 (ℎ 𝑡𝑠
2) (3) 

𝐸 =  𝐶1.5 𝜎0 𝑙1.5 𝑡𝑒𝑞
1.5 (4) 

where 𝐸 is the energy absorbed (MJ), 𝑅𝑇 is the material destroyed (m3), 𝐴 is the area of the tear area (m2), ℎ 

is the height of the broken or heavily deformed longitudinal member (m), 𝑡𝑠 is the thickness of the member 

(cm), 𝐶1.5 = 1.112 - 1.156θ +3.760θ2, θ is the half angle of the slice (rad), 𝜎0 is the yield stress of the material 

(MPa), 𝑙 is the cut length (m), and 𝑡𝑒𝑞 is the equivalent plate thickness (m) [31]. 

Each of the given equations incorporates many characteristics that describe the complexity of structural 

behaviour under impact, offering a framework for estimating the energy absorbed during a ship collision. The 

volume of material destroyed and the energy absorbed are directly correlated, according to Equation 1. The 

linear coefficient in this equation illustrates the proportionality of the relationship between the amount of 

energy dissipated during a collision and the quantity of volumetric damage. This knowledge is extended by 

Equation 2, which adds the damaged surface's size as a parameter indicating that ripping or rupture at the 

surface level significantly increases energy absorbed. This equation provides a more thorough viewpoint 

because it considers surface area failure and volumetric destruction. The computation is further improved by 

Equation 3, which considers the longitudinal structural members' thickness and height. The equation captures 

individual members' contributions to the absorbed energy, with special attention to their geometrical 

characteristics and structural importance. Lastly, a material-centric method for predicting energy absorption 

is offered by Equation 4. The length of the cut or tear, the equivalent plate thickness, and the material's yield 

stress are used to compute the energy. 

2.2 Stiffened plate panel  

In ship collisions, structural damage is a common consequence of the impact [32]. The stiffened plate 

panel forms a fundamental component of the ship's structure, representing the single-panel configurations of 

the ship's sides and bottom and the outer panels in double-side shell and double-bottom structures [33]. Widely 

utilized in ship construction, stiffened plate panels provide essential structural support to the hull, serving as 

the building blocks of the entire hull assembly, including the double bottom, side shells, and deck  

areas [34-36]. 

Composed of elementary plate panels and reinforced by ordinary stiffeners, these panels are enclosed 

by primary structural members, making them the core structural unit of a ship's hull. However, they are 

particularly vulnerable to damage during collisions with external objects. To ensure the structural safety of 

ships, it is critical to assess the load capacity that stiffened plate panels can withstand. Additionally, predictions 

regarding potential accident scenarios, the extent of damage, and the residual strength after sustaining impact-

related damage are essential. They must be integrated into the stiffened plate panel design and manufacturing 

process [10,37,38]. When subjected to collision forces, stiffened plate panels may experience various damage 

types, including plate tension, cutting, folding, and intersection denting [31]. These damage mechanisms 
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underscore the importance of robust design methodologies and accurate predictive modelling to improve the 

resilience of ship structures under extreme conditions. 

3. Crashworthiness analysis 

3.1 Crashworthiness definition & parameter 

Crashworthiness involves the study of the plastic deformation of structures [12]. During a crash, the 

energy-absorbing structure of a vehicle absorbs its kinetic energy through plastic deformation, significantly 

reducing the mechanical impact on the vehicle and its occupants [11]. The main goal of crashworthiness 

studies is to protect individuals involved in impacts and collisions [12]. Ship collisions often cause severe 

damage to the hull structure and can result in loss of life, making crashworthiness a critical focus for the 

maritime industry. This focus aims to enhance the crashworthiness performance of hull structures to ensure 

crew safety. Generally, crashworthiness reflects the improved capacity of systems to withstand impact loads. 

In the context of ship-to-ship collisions, crashworthiness refers to the enhanced ability of the struck ship to 

absorb kinetic energy before the hull sustains damage [39]. 

Crashworthiness parameters consist of energy absorbed, specific energy absorbed, maximum crush 

force, and crush force efficiency [40,41]. Energy absorption (EA) is determined by multiplying the crushing 

force by the displacement. The simulation results are presented as a force-displacement graph, where the 

shaded area under this curve represents the total energy absorbed, as calculated using Eq. 5: 

𝐸𝐴 =  ∫  𝐹𝑚 

𝑠

0

𝑑𝑥 , 0 < 𝑥 < 𝑠 (5) 

where 𝐹𝑚 is the mean crushing force, and 𝑠 is the final length of the crushing structure. 

Moreover, the mean crushing force (Fm), the average force over the structure's deformation, can be calculated 

using Eq. 6: 

𝐹𝑚 =
𝐸𝐴

𝑠𝑚𝑎𝑥
 (6) 

where smax is the maximum length of the crushing structure or deformed structure. 

4. Benchmark and validation 

The experimental reference profile in this study is an experimental test conducted by Alsos et al. [17]. 

Experimental testing was performed with quasi-static conditions by penetrating components as an indenter on 

the hull structure. Quasi-static analysis methods are often used and justified in engineering practice when 

quasi-static methods can capture the main characteristics of the structure response under low-velocity impact. 

The hull structure is modelled using a stiffened plate panel, a key component of the ship's hull. The 

experimental reference geometry includes both the indenter and the stiffened plate panel using a previous 

experiment conducted by Alsos et al. [17]. The indenter is milled out from a solid piece of steel. It has a cone 

shape with a spherical nose. The indenter is shaped like a cone with a spherical edge, featuring a radius of 200 

mm from the centre of the cone's base and an angle of 45° between the base and the cone's surface. The plate 

measures 720 x 1200 mm with a thickness of 5 mm, the stiffener is 120 x 1200 mm with a thickness of 6 mm, 

and the frame is constructed from rectangular hollow section (RHS) steel, measuring 300 x 200 mm with a 

thickness of 12.5 mm. The experimental reference geometry and dimensions are illustrated in Fig. 1. 
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Fig. 1  Structural geometry and dimension of Alsos et al. [17] stiffened plate panel experimental testing 

The stiffened plate panel comprises two components: the plate and ordinary stiffeners. Each component 

is made from different grades of steel. The frame is constructed from high-strength steel (S355NH-EN10210), 

while the plate and stiffener are made from mild steel (S235JR-EN10025). The engineering stress-strain curve 

for the plate and stiffener materials can be seen in Fig. 2 and is detailed in Alsos et al. [17]. 

                          
    (a)         (b) 

Fig. 2  Material engineering stress-strain curve [17]: (a) stiffener, (b) plate 

Experimental testing is carried out by penetrating the stiffened plate panel using an indenter mounted 

on a hydraulic jack. The hydraulic jack used has a maximum capacity of 250 tons. The indenter penetrates the 

stiffened plate panel with a controlled displacement of 0.167 mm/s. The displacement of the indenter was also 

measured using a displacement transducer placed on the ground. The experimental testing process is shown 

in Fig. 3. 

 
(a)                                                               (b) 

Fig. 3  Alsos et al. [17] experimental test: (a) test setup, and (b) penetration of stiffened plate panel by the indenter 

The validation procedure involves benchmarking against experimental test data as a reference. 

Simulation testing was conducted using finite element method analysis with ANSYS LS-Dyna software. In 

this simulation, each component of the stiffened plate panel and indenter structure was modelled using shell 
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elements with Belytschko-Lin-Tsay formulation, and each shell element included five integration points 

through its thickness. The mesh size for each component was set to 10 mm. The simulation employed two 

types of contact: automatic single-surface contact and automatic surface-to-surface contact. Automatic single-

surface contact was used for each part of the stiffened plate panel to prevent self-penetration during 

progressive buckling. When the plate and stiffener are progressively buckled, contact between the plate and 

stiffener is possible, which is ideal for crashworthiness applications. Automatic surface-to-surface contact 

defined interactions between different component surfaces, such as between the indenter and the stiffened 

plate panel, and is suited for interactions involving rigid components. Simulation testing was carried out with 

quasi-static conditions. The movement of the indenter when penetrating the stiffened plate panel is set with a 

controlled displacement of 167 mm/s, 1000 times faster than the experiment (0.167 mm/s) due to limitations 

on computer resources and computational time. However, it is still in a quasi-static condition because if the 

load application is slower than 2000 mm/s, there is no significant inertia effect [16]. The final time of 

simulation testing, or call termination time, is set at 1.44 s so that the indenter will penetrate the stiffened plate 

panel as far as 240 mm. The speed of the indenter when penetrating is always constant so that there is no effect 

of acceleration or deceleration during penetration. 

 
Fig. 4  Force-displacement between numerical and experimental test of unstiffened (US) structure 

 
Fig. 5  Force-displacement between numerical and experimental test of single stiffened (1S) structure 

The validity of the simulation testing is evaluated by analyzing the force-displacement graphs obtained 

from the simulation and comparing them with those from experimental testing. Figures 4-6 depict these 

comparisons across three structural types: Unstiffened (US), Single Stiffened (1S), and Double Stiffened (2S). 

The results of the US and 2S structures show a gradual increase in force from the start of loading until the 

initial fracture occurs. In contrast, the 1S structure exhibits a sharp increase in force at the beginning of loading, 

followed by a slower rise to the initial fracture point. Following the initial fracture, there is a decrease in force 

values for all structures; however, the decrease is more pronounced in the US and 1S structures than in the 2S 

structure, which shows only a slight reduction. The comparative analysis further reveals that simulations using 

a 10mm mesh size more closely replicate the experimental results, including the peak force and initial fracture 

points, compared to simulations with 20mm and 30mm mesh sizes. This analysis confirms that the simulation 
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testing can accurately predict the fracture behaviour of stiffened plate panels, demonstrating the effectiveness 

of using a 10mm mesh size for these simulations. 

 
Fig. 6  Force-displacement between numerical and experimental test of double stiffened (2S) structure 

5. Parametric study 

5.1 Finite element modelling and setup 

The model geometry represents a 1:3 scale of the dimensions found in medium-sized tankers, as stated 

in Alsos et al. [17]. The dimensions of the stiffened plate panel and the impactor stated in Table 1 in the 

simulation are based on experimental data. 

Table 1  Structural dimension of stiffened plate panel and indenter 

Cross section Cross section view Dimensions (mm) 

Tranverse 

cross section 

 

R1 = 200 

A = 5 

B = 12.5 

C = 120 

D = 6 

E = 720 

F = 1320 

Longitudinal 

cross section  

 

S1 = 135° 

H = 200 

I = 1200 

J = 1800 

G = 300 

The geometry of the impactor component is modelled with an indenter. The structural geometry and 

adjustment of the solid geometry in the experiment to the shell geometry in the simulation test are shown in 

Fig. 7. The adjustment is made by defining the thickness of each component. 

The material model selection during simulation is intended to select a material model that follows the 

material used in experimental testing, the loading conditions on the material, and the material structure 

response that occurs due to loading. The stiffened plate panel material is assumed to have isotropic plastic 

properties. It is modeled using the J2 plane stress flow theory, where the nominal stress-strain curve of the 

material is based on the engineering stress-strain curve shown in Fig. 2. Modifying the power law formulation 

involving plate strain presents the equivalent stress-strain curve, as shown in Eq 7: 

a𝜎𝑒𝑞 = {
𝜎𝑌 𝑖𝑓 𝜀𝑒𝑞  ≤  𝜀𝑝𝑙𝑎𝑡

 𝐾 (𝜀𝑒𝑞 + 𝜀0)𝑛  (7) 
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where σeq is the quasi-static equivalent flow stress, εeq is the quasi-static equivalent flow strain, εplat is the 

equivalent plastic strain at plateau exit, and σy is the initial yield stress. Strain ε0 allows the plateau and power 

law to intersect at (εplat, σy), obtained by Eq 8: 

a𝜀0 =  (
𝜎𝑌

𝐾
)

1

𝑛
 

− 𝜀𝑝𝑙𝑎𝑡 (8) 

where K and n are the parameters of the material. Modified power law yield correlates well with the material's 

engineering stress-strain curve in Fig. 2, as reported by Alsos et al. [15]. ANSYS software uses the 

MAT_003_plastic kinematic material model for components in the stiffened plate panel, and the indenter 

material uses the MAT_020_rigid material model. The mechanical properties of the material are shown in 

Table 2. 

 
(a) 

 

(b) 

Fig. 7  (a) structural geometries of stiffened plate panel and impactor, (b) shell geometry adjustment 

Table 2  Mechanical properties of stiffened plate panel structure material 

Part Material Grade 𝝆 (kg/m3) 𝝈𝒚 (MPa) 𝑬 (GPa) 𝑲 (MPa) 𝒏 𝜺𝒑𝒍𝒂𝒕 𝜺𝒇  𝒗 

Plate S235JR-EN10025 7850 285 210 740 0.24 - 0.35 0.3 
Stiffener S235JR-EN10025 7850 340 210 760 0.225 0.015 0.35 0.3 
Frame S355NH-EN10210 7850 390 210 830 0.18 0.01 0.28 0.3 

 
Fig. 8.  Schematic loading condition and boundary conditions 

The impact loading scheme begins with the indenter penetrating the stiffened plate panel along the Z 

axis at a constant speed of 167 mm/s. The indenter is constrained with fixed boundary conditions for all 

rotational motions along the X, Y, and Z axes. For translational motion, the indenter has fixed boundary 

conditions only along the X and Y axes. The model components have free boundary conditions for all 
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translational and rotational motions along the X, Y, and Z axes. The base of the frame is assumed to be fixed 

in all degrees of freedom, with translational and rotational motions along the X, Y, and Z axes constrained. 

The boundary conditions and loading schemes for both the indenter and the stiffened plate panel are illustrated 

in Fig. 8. 

5.2 Design variation of stiffeners 

The study examines scenario variations through both numerical and physical parameters. Numerical 

parameter variations include changes in mesh size, which are aimed at assessing how mesh size affects the 

accuracy of simulation results using the finite element method. Physical parameter variations involve stiffener 

types, spacing, and configuration changes. Fig. 9 shows 10 models with mesh variations in the range of  

10-100 mm. 

 
Fig. 9  Mesh size variation geometry: (a) 10 mm, (b) 30 mm, (c) 70 mm, (d) 100 mm 

In the second variation, the variation of stiffener type is analyzed to determine its effect on the 

crashworthiness performance of the stiffened plate panel when subjected to impact load. There are four 

stiffener types: Type I, Type L, Type T, and Type Y, each varied with two geometries: single stiffener and 

cross stiffener, as seen in Figs. 10 and 11. Each stiffener type maintains a fixed volume of 1.334 x 10⁶ mm³, 

with the variation existing solely in the stiffener's shape. 

 
Fig. 10  Single stiffener type geometry: (a) Single-I, (b) Single-L, (c) Single-T, (d) Single-Y 
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Fig. 11  Cross stiffener type geometry: (a) Cross-I, (b) Cross-L, (c) Cross-T, (d) Cross-Y 

The variation of stiffener spacing is studied to determine its effect on the stiffener Type Y 

crashworthiness performance when subjected to impact loads. There are four stiffener spacing: Spacing 1 is 

360 mm apart, Spacing 2 is 240 mm apart, Spacing 3 is 180 mm apart, and Spacing 4 is 144 mm apart, as seen 

in Fig. 12. When the stiffener spacing is closer, the number of stiffeners in the structure will increase. 

In the last variation scenario, four stiffener configurations were developed such as Config. 1 (single 

cross stiffener), Config. 2 (double cross stiffener), Config. 3 (double longitudinal stiffener), and Config. 4 

(double transverse stiffener). The stiffeners in these configurations cross each other, and the stiffener spacing 

between two transverse stiffeners is 400 mm, while the stiffener spacing between two longitudinal stiffeners 

is 240 mm, as seen in Fig. 13. 

 
Fig. 12  Geometry of stiffener spacings: (a) Spacing 1, (b) Spacing 2, (c) Spacing 3, (d) Spacing 4 

 

 
Fig. 13  Geometry of stiffener configuration: (a) Config. 1, (b) Config. 2, (c) Config. 3, (d) Config. 4 
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6. Result and discussion 

6.1 Comparison of crashworthiness performance on mesh size variations 

This study examines the impact of mesh size on the accuracy of simulation results by testing various 

mesh size variations ranging from 10 to 100 mm using a validated stiffened plate panel geometry. The 

accuracy is assessed through force-displacement curves, internal energy, and deformation contours, as seen in 

Fig. 14. Results indicate that smaller mesh sizes yield more accurate simulations, with the 10 mm mesh size 

showing the closest match to experimental data. It exhibited a 6.6 % deviation in peak force and a 3.16 % 

difference in initial fracture displacement. Larger mesh sizes delayed the onset of initial fracture, leading to 

over-predictions in peak force and increased fracture displacement values. Based on force-displacement data, 

internal energy graphs from Fig. 14b exhibit consistent trends across all mesh sizes, showing energy increasing 

until the point of initial fracture. However, larger mesh sizes lead to excessively high internal energy levels 

due to delayed fractures and overestimating peak forces. The 10 mm mesh size offers the most accurate 

correlation with experimental results, proving its effectiveness for precise modelling. It demonstrates that the 

10 mm mesh size is most suitable for achieving reliable and accurate simulations. 

   
(a)          (b) 

Fig. 14  Simulation result under mesh size variation, a) force-displacement graph, b) internal energy. 

Table 3 illustrates that while fracture energy values increase with mesh size, the 10 mm mesh size 

achieves the highest accuracy, exhibiting only a 2.88 % relative error compared to experimental results. 

Conversely, larger mesh sizes show significantly greater errors; for example, the 80 mm mesh registers a  

97.63 % relative error. This data indicates a clear positive correlation between mesh size and error magnitude: 

larger mesh sizes lead to decreased simulation accuracy. Consequently, the 10 mm mesh size is optimal as it 

minimizes error and ensures the most reliable simulation outcomes. 

Table 3  Comparison of fracture energy and error percentage on mesh size variation 

Mesh Size Fracture Energy (kJ) Error (%) 

10 121.4 2.88 

20 176.1 49.22 

30 165.8 40.49 

40 167.9 42.25 

50 189.2 60.3 

60 207.4 75.74 

70 221.5 87.69 

80 233.2 97.63 

90 219.5 85.98 

100 217.9 84.68 
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Fig. 15 displays the effective plastic strain contours for 10 mm and 50 mm mesh sizes, highlighting 

areas of high strain in red. The 10 mm mesh accurately concentrates high strain at the intersection of the plate 

and stiffener, where initial fractures occur, aligning with experimental results from Alsos et al. [17]. In 

contrast, the 50 mm mesh presents a more dispersed strain distribution throughout the plate and stiffener 

without clear localization at their intersection, resulting in inaccurate fracture patterns and less resemblance 

to experimental findings. These observations underscore that larger mesh sizes compromise simulation 

accuracy by affecting deformation contours and fracture behaviour. However, the 10 mm mesh size maintains 

the highest accuracy, as corroborated by force-displacement graphs, fracture energy values, and deformation 

contours, closely matching the experimental data. 

 
(a)  

 
(b) 

Fig. 15  Effective plastic strain contours at various displacements (a) (a) Mesh size 10 mm, (b) Mesh size 50 mm 

6.2 Comparison of crashworthiness performance on stiffener type variation 

The stiffened plate panel incorporates four types of stiffeners: I, L, T, and Y. Additionally, two geometric 

configurations are applied: single stiffener and cross stiffener geometries. Crashworthiness of these 

configurations can be evaluated using force-displacement graphs and internal energy values, depicted in Fig. 

16. Fig. 16a shows the force-displacement graphs for each single stiffener type, revealing similar patterns 

across the stiffener types at the start of penetration. Specifically, the Single-I, Single-L, and Single-T types 

exhibit a significant increase in force early on. 

As penetration progresses, the force in each type continues to rise until reaching a peak, indicating the 

onset of an initial fracture. Following this peak, there is a significant drop in force as the fracture advances. 
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Notably, the force-displacement graphs for the Single-I and Single-T types maintain a horizontal trajectory 

even after initial fracturing, suggesting no decrease in force despite ongoing structural damage. This horizontal 

pattern is attributed to the folding of stiffeners at specific displacements: 145 mm for the Single-I and 103 mm 

for the Single-T. Among these, the Single-L stiffener demonstrates the best performance, achieving the highest 

peak force (1992.62 kN) and the longest displacement before initial fracture (207.85 mm), indicative of 

superior ductility and energy absorption. In contrast, the Single-I stiffener shows the poorest results, with the 

lowest peak force (1348.44 kN) and shortest initial fracture displacement (158.87 mm), reflecting greater 

stiffness before fracture. 

 
(a)         (b) 

Fig. 16  Force-displacement graph on stiffener type variation: a) single stiffener geometry, a) cross stiffener geometry 

As shown in Fig. 16b, the force-displacement graph of the cross stiffener geometry exhibits a similar 

pattern. At the onset of penetration, the force value of each structure rises sharply, with the Cross-T type 

experiencing the most significant increase among all types. The Cross-Y type outperforms other types in both 

peak force and initial fracture displacement, indicating superior resistance to fracture and higher energy 

absorption capacity. In contrast, the Cross-L type has the lowest peak force and initial fracture displacement, 

showing poor performance under impact loading. The Cross-I and Cross-T types exhibit greater stiffness 

before fracturing, as evidenced by higher force values before the initial fracture than the Cross-L and Cross-

Y types. Specifically, the Cross-Y type exhibits the highest peak force at 2474.18 kN and the longest initial 

fracture displacement at 201.93 mm, underscoring its excellent performance. Conversely, the Cross-L type 

has the lowest peak force at 1910.39 kN and the shortest initial fracture displacement at 164.91 mm. The 

Cross-I type, while similar to the Cross-L in peak force and displacement, demonstrates slightly better strength 

before initial fracture. Overall, these results highlight that cross-stiffener geometry significantly influences the 

structural properties of stiffened plates, particularly their flexural behaviour. 

The internal energy graphs for single and cross stiffener geometries, as shown in Figures 17a and 17b, 

respectively, exhibit notable trends. In the single stiffener configuration, each stiffener type-Single-I, Single-

T, Single-L, and Single-Y, shows a significant increase in internal energy from the start of penetration until 

the initial fracture occurs. Following this, the slope of the graphs flattens as force resistance decreases due to 

structural damage. Single-I and Single-T have nearly identical internal energy values at the displacement just 

before the initial fracture, as do Single-L and Single-Y. In the cross-stiffener configuration, similar patterns 

are observed where internal energy significantly rises to the point of initial fracture and then becomes more 

gradual. The Cross-I, Cross-L, and Cross-T types exhibit a similar post-fracture slope, indicating decreased 

force resistance. The Cross-Y type maintains a consistent increase in internal energy up to a displacement of 

240 mm. Additionally, before the initial fracture, Cross-I and Cross-T types show higher internal energy values 

than Cross-L and Cross-Y, reflecting variations in their structural responses to penetration and damage. 
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(a)               (b) 

Fig. 17  Internal energy on various stiffener types: (a) single stiffener geometry, (b) cross stiffener geometry 

Fig. 18 shows the effective plastic strain contours for the different types of stiffeners with single stiffener 

geometry. The effective plastic strain measures the deformation of the material due to the applied load. The 

more effective the plastic strain, the more likely the material will fail. The Single-I, Single-T, and Single-Y 

types have plastic strain concentrations at the intersection between the plate and stiffener components. The 

Single-L type has a plastic strain concentration on the plate component close to the intersection between the 

plate and the stiffener component. The effective plastic strain contours are colour-coded, with red representing 

the highest and blue representing the lowest values. The concentration of stress and strain contained in the 

structure will indicate the location or point of initial fracture. Fractures will occur in areas with a high stress 

concentration and plastic strain. The fracture in Single-I, Single-L, and Single-T types is tearing at the 

intersection area between the plate and stiffener components. Meanwhile, tearing occurs in the plate 

component close to the intersection area in the Single-L type. In addition, folding occurs in the stiffener 

component in the Single-I, Single-L, and Single-T types. 

 
Fig. 18  Effective plastic strain contours at displacement 240 mm: a) Single-I type, b) Single-L type, c) Single-T type, d) Single-Y 

type 

Fig. 19 depicts the variation of effective plastic strain for different types of stiffeners with cross-shaped 

geometry. The effective plastic strain measures the permanent deformation of a material due to loading. The 

Cross-I, Cross-L, Cross-T, and Cross-Y types have plastic strain concentrations at the intersection between 

the plate and stiffener components. The concentration of stress and strain contained in the structure will 

indicate the location or point of initial fracture. Fractures will occur in areas with high plastic stress and strain 

concentrations. The fracture type in the Cross-I, Cross-L, Cross-T, and Cross-Y types is tearing at the 
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intersection area between the plate and stiffener components. In the Cross-I type, tearing also occurs in the 

stiffener component, namely in the intersection area between stiffener components. In the Cross-L and Cross-

T types, intersection denting also occurs at the intersection area of the stiffener components. 

 
Fig. 19  Effective plastic strain contours at displacement 240 mm: a) Cross-I type, b) Cross-L type, c) Cross-T type, d) Cross-Y 

type 

6.3 Comparison of crashworthiness performance on stiffener spacing variation 

The Y-stiffened plate panel features four different stiffener spacings: Spacing 1 (360 mm), Spacing 2 

(240 mm), Spacing 3 (180 mm), and Spacing 4 (144 mm), as shown in Fig. 20a. The force-displacement 

graphs indicate that decreasing stiffener spacing generally enhances crashworthiness. After an initial fracture, 

the force in Spacing 1 drops significantly, whereas in Spacings 2, 3, and 4, the reduction in force is minimal, 

maintaining a relatively horizontal graph. It indicates that the force values in Spacings 2, 3, and 4 remain 

consistent despite ongoing structural fractures. Spacing 3 and 4 exhibits a higher force value before the initial 

fracture than the other types. 

 
(a)                     (b) 

Fig. 20  Simulation result under stiffener spacing variations: a) force-displacement graph, b) internal energy 

Fig. 20b illustrates the internal energy trends across these spacings, showing a substantial increase up 

to the point of initial fracture, followed by a sloping rise as the structure's force resistance decreases. Spacing 

1 experiences a pronounced sloping increase in internal energy post-fracture. Conversely, Spacings 2, 3, and 
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4 display similar trends in internal energy throughout the penetration up to a displacement of 240 mm. Among 

these, Spacing 3 and 4 have the highest internal energy value before the fracture occurs, highlighting 

differences in energy absorption capabilities among the spacings. 

Fig. 21 shows the contours of effective plastic strain at variations in stiffener spacing. Spacing 1, 2, and 

4 types have plastic strain concentrations at the intersection between the plate and the stiffener component. In 

contrast, the Spacing 3 type has a plastic strain concentration on the plate component close to the intersection 

between the plate and the stiffener. High concentration is shown in red on the effective plastic strain contour. 

The stress and strain concentration contained in the structure will indicate the location or point of initial 

fracture. Fractures will occur in areas with a high stress concentration and plastic strain. The fracture in the 

Spacing 1, Spacing 2, and Spacing 4 types is tearing at the intersection area between the plate and stiffener 

components. In the Spacing 3 type, tearing occurs on the plate component close to the intersection area 

between the plate component and the stiffener. In addition, tearing in the Spacing 2 type also occurs in the 

plate component. 

 
Fig. 21  Effective plastic strain contours at displacement 240 mm: a) Spacing 1, b) Spacing 2, c) Spacing 3, d) Spacing 4 

6.4 Comparison of crashworthiness performance on stiffener configuration variations 

The stiffened plate panel features four different stiffener configurations using the Y stiffener type: 

Config. 1 (single cross stiffener), Config. 2 (double cross stiffener), Config. 3 (double longitudinal stiffener), 

and Config. 4 (double transverse stiffener). Fig. 22a displays the force-displacement graphs for these 

configurations, which are similar in shape across all types. Post-initial fracture, the force values decrease 

across configurations, with notable differences. In Config. 2, after a slight decrease following the initial 

fracture, the force value rises again, peaking at a displacement of 203 mm, indicating continued force increase 

despite ongoing structural damage. Conversely, Config. 3 exhibits a relatively horizontal force-displacement 

graph post-fracture, suggesting that the force value remains constant despite continued fracturing, and this 

configuration shows higher force values before the initial fracture compared to other configurations. Fig. 22b 

details the internal energy trends, showing a significant increase up to the initial fracture point for all 

configurations, followed by a more gradual rise as the structures' force resistance decreases. Config. 2 

maintains a consistent internal energy increase up to a displacement of 240 mm. Config. 3, however, displays 

the highest internal energy values before the initial fracture among all configurations, reflecting its enhanced 

energy absorption capabilities. 
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(a)               (b) 

Fig. 22  Simulation result under stiffener configuration variations: a) force-displacement graph, b) internal energy 

Fig. 23 shows the contours of the effective plastic strain on the stiffener configuration variation. 

Structures of Config. 1, Config. 2, and Config. 4 types have a plastic strain concentration at the intersection 

between the plate and the stiffener component. In comparison, the Config. 3 type has a plastic strain 

concentration on the plate component close to the intersection between the plate and the stiffener. The high 

concentration is shown in red on the effective plastic strain contour. 

The concentration of stress and strain contained in the structure will indicate the location or point of 

initial fracture. Fractures will occur in areas with a high stress concentration and plastic strain. The fracture 

types in the Config. 1, Config. 2, and Config. 4 type structures are tearing at the intersection area between the 

plate and stiffener components. In the Config. 3 type, tearing occurs on the plate component close to the 

intersection between the plate and the stiffener component. In addition, tearing in the Config. 3 types also 

occur in the stiffener component. 

 
Fig. 23  Effective plastic strain contours at displacement 240 mm: a) Config. 1, b) Config.  2, c) Config. 3, d) Config. 4 

7. Conclusions 

The impact loading of stiffened plate panels has been investigated using quasi-static numerical 

simulations with ANSYS software, focusing on numerical parameters (mesh size) and geometric parameters 

(stiffener type, stiffener spacing, and stiffener configuration). The findings demonstrate a high level of 
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accuracy in the benchmarking study, where simulation results align closely with experimental data. The force-

displacement trends closely match the experimental results, with differences in peak force resistance and initial 

fracture displacement values being less than 5 %. Similarly, the discrepancy in fracture energy values between 

simulation and experimental results is below 5 %. Moreover, the deformation and fracture contours from the 

simulations are consistent with experimental observations, showing tearing predominantly at the intersection 

between the plate and stiffener components. 

The analysis highlights the importance of mesh size in determining simulation accuracy. A fine mesh 

size of 10 mm produces the most accurate results, whereas larger mesh sizes, such as 80 mm, significantly 

compromise accuracy by introducing greater error values. It underscores the necessity of selecting an 

appropriate mesh size to ensure reliable simulation outcomes. The study identifies variations among stiffener 

types, spacing, and configurations regarding crashworthiness performance. The Single-L type demonstrates 

the highest crashworthiness performance among single stiffener geometries, while the Single-I type exhibits 

the lowest. The Cross-Y type outperforms others for cross-stiffened structures, while the Cross-I type shows 

the lowest performance. Stiffener spacing also plays a crucial role, with decreasing spacing yielding superior 

crashworthiness performance. Similarly, stiffener configuration also impacts performance. 

This research underscores the significance of studying ship structural crashworthiness in collision 

scenarios, given the substantial risks of material loss, environmental harm, and potential loss of life. Future 

studies could further develop this field by incorporating environmental conditions (e.g., corrosion and 

temperature effects) or considering the impact of weld geometry, material heterogeneity, and residual stresses 

from fabrication. Including these factors would allow for a more realistic and comprehensive assessment of 

structural crashworthiness, ultimately improving the safety and resilience of ship designs under impact 

conditions. 
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