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SUMMARY

This study examined the failure behaviour of container securing systems on ULCVs under parametric rolling. Although considerable efforts have been made to mitigate parametric rolling through improved ship design, operational guidance, and classification rules such as Roll Design Assessment, the complete elimination of extreme roll motions cannot always be guaranteed. Complementary structural mitigation strategies are therefore still needed to reduce container loss during such extreme events. An explicit FE model was used to simulate the sequential failure of twistlocks, lashing rods, sockets, and corner castings under a severe roll condition. A mechanical device, the SAVER-Box, was introduced to redistribute inertial loads and delay progressive structural collapse. Container loss was reduced from 93% to 20% when the device was applied. Stress and strain results indicated ductile performance within the assumed rupture limit. A new metric, PCL, was proposed, showing that isolated reinforcement shifted failure locations whereas system-level design improved overall resilience.
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NOMENCLATURE




	εp

	Effective plastic strain




	εr

	Rupture strain threshold




	μ

	Coefficient of friction




	ν

	Kinematic viscosity(Ns m-2)




	ρ

	Density of water (kg m-3)




	σy

	Yield strength of material(MPa)




	θ

	Roll angle (deg)




	ϕ

	Friction angle (deg)




	B

	Breadth (moulded) (m)




	D

	Depth (moulded) (m)




	dd

	Design draught(m)




	ds

	Scantling draught (m)




	Fr

	Reaction force between SAVER-BOX and container (tonne)




	k

	Sigmoid growth rate




	LOA

	Length overall of vessel(m)




	NL

	Number of lost containers




	NT

	Total number of containers




	P

	Pressure (N m-2 )




	t

	Time (s)




	Vs

	Service speed (knots)




	PCL

	Percentage of Container Loss(%)







1. INTRODUCTION

The exponential growth in global trade has driven the rapid expansion of container vessels in both scale and capacity. Modern ultra-large container vessels (ULCVs) routinely carry over 20,000 twenty-foot equivalent units (TEUs) across increasingly complex and congested maritime routes. While this trend has enhanced cargo handling efficiency, it has simultaneously introduced serious challenges to the structural safety and dynamic stability of container stacks, particularly under severe sea conditions.

Container loss at sea has emerged as a critical maritime issue, with far-reaching implications for operational safety, environmental sustainability, and economic liability. Recent industry reports indicate a rising trend in both the frequency and magnitude of such incidents (World Shipping Council, 2024). Beyond the direct threat to vessel integrity and crew safety, container losses incur substantial costs through cargo damage, insurance claims, and global supply chain disruptions. Environmentally, unrecovered containers release plastics, heavy metals, and hazardous substances into marine ecosystems, contributing to long-term pollution. In recognition of these risks, the International Maritime Organization (IMO) has revised MARPOL regulations to classify unrecovered containers as sources of marine pollution, mandating reporting and promoting active recovery. Legal precedents increasingly hold carriers accountable for post-incident management failures.

A particularly notable case occurred in November 2020, when the MV ONE Apus (Figure 1) encountered extreme weather enroute from Yantian, China, to Long Beach, California (Schuler, 2020). The vessel experienced severe parametric rolling, resulting in the loss of over 1,800 containers—the largest loss ever recorded in a single incident. This event underscored critical vulnerabilities in container securing systems, stack configurations, and the vessel’s response under adverse dynamic loads. Other high-profile cases, such as the sinking of “MOL Comfort” and the loss of “SS El Faro” further emphasize the urgent need to improve our understanding and mitigation strategies for container loss mechanisms.
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To address these concerns, numerous studies have explored analytical and preventive approaches. Souza (2010) highlighted the importance of nonlinear dynamic modelling of container stacks under wave-induced excitation. Shigunov et al. (2014) proposed simulation-based operational guidance for safe route planning, while Lee et al. (2014) introduced M2M (Machine-to-Machine)-based container tracking systems—albeit without predictive capability or cybersecurity integration. Ghesmi and Brindley (2021) developed nonlinear finite element models, yet did not consider long-term fatigue. Other recent works have explored probabilistic risk models (Öztürk, 2024; Yi, et al., 2025), IoT-based monitoring (Molina-Padrón, et al., 2025), and human error analysis (Erdem, et al., 2024), though most lack integration with physical structural simulation.

Despite these valuable efforts, previous studies have generally not provided a structural simulation framework capable of capturing the progressive failure of container securing systems under extreme roll motions. In particular, limited attention has been given to the sequential failure of securing components and to the role of structural mitigation devices in reducing container loss. Although considerable efforts have been made to mitigate parametric rolling through ship design, operational measures, and classification rules such as Roll Design Assessment (RDA), extreme roll motions cannot always be fully avoided in ultra-large container vessels. Additional structural mitigation may therefore be required.

In this context, complementary structural mitigation strategies aimed at reducing container loss during extreme events remain an important research topic. The present study introduces a full-scale nonlinear finite element framework implemented in LS-DYNA (2023) to simulate the dynamic structural response of container stacks, lashing components, and anti-loss devices subjected to extreme roll-induced excitation. Unlike prior models relying on simplified assumptions or idealized configurations, the proposed simulation incorporates realistic Container Securing Arrangement (CSA) data, including container mass distribution, twistlock geometry, and actual positioning. Strain-based rupture criteria, explicit time integration, and element erosion techniques are employed to assess progressive structural failure.

A central feature of this study is the integration and performance assessment of a novel anti-loss device, the SAVER-BOX, within the FEA framework. The device mitigates failure propagation through mechanical articulation and frictional contact, thereby redistributing inertial loads, and its effectiveness is evaluated using the Percentage of Container Loss (PCL). Quantitative results demonstrate a substantial reduction in container loss compared to conventional systems. By moving from conceptual or data-driven risk models towards a mechanism-based design approach, this study demonstrates the potential of a mechanism-based design approach for container loss prevention. The proposed framework provides a useful basis for evaluating structural mitigation concepts for container loss prevention and for future extension to more comprehensive analyses.

2. NUMERICAL FRAMEWORK 

This study develops a nonlinear transient dynamic finite element analysis framework to simulate container loss accidents on ULCVs and to evaluate the mitigation performance of a novel anti-loss device, the SAVER-BOX. The simulation was conducted using an explicit finite element solver with explicit time integration, which is well-suited for capturing high-speed dynamic events and progressive structural failures.

A representative 24,000 TEU-class container vessel was selected as the target structure. To improve computational efficiency while maintaining physical relevance, the analysis was localized to a single bay located at the vessel’s midship. The container stacks within this bay were arranged according to actual CSA data, accurately reflecting realistic container positions, mass distributions, and securing configurations.

The FE model includes the hull, container boxes, lashing bridge, and loose fittings such as lashing rods and twistlocks. The hull was idealized as a rigid body serving as a motion base for roll excitation, while the other components were discretized using one-dimensional beam elements for slender members such as lashing rods and two-dimensional shell elements for plates and container walls. This modelling approach was intended to capture the dominant global inertial effects together with the local structural response relevant to progressive failure.

In this study, 4-node quadrilateral shell elements with the Belytschko-Tsay formulation and 2-node Hughes-Liu beam elements were used for the structural components. Linear shape functions were adopted for all elements to maintain computational efficiency while providing acceptable accuracy for large deformation and contact-driven behaviour. The mesh size was selected as a compromise between simulation cost and resolution of the structural response in critical regions, particularly around the lashing bridge, twistlocks, and the SAVER-BOX interface.

The mechanical properties of the securing components were defined based on existing experimental data and manufacturer specifications, so that the modelled one-dimensional elements reproduced the principal strength and failure characteristics of actual fittings. This included the ultimate capacities of twistlocks and lashing rods, which play an important role in initiating failure sequences under severe roll motion.

Although automatic meshing procedures were used, some elements near geometrically complex features, such as lashing eyes and local connection details, exhibited moderate skewness. These elements were not located in the principal regions governing the comparative global failure sequence, and their influence on the overall structural response was considered limited for the present analysis. In addition, hourglass control and appropriate contact algorithms were applied to reduce the possibility of numerical instability associated with element distortion.

This modelling framework enables simulation of the dominant progressive failure mechanisms in container securing components under severe roll loading and provides the basis for quantitatively assessing the effectiveness of the SAVER-BOX in mitigating container loss.

2.1 TARGET SHIP AND CONTAINER STACK

Figure 2 shows the selected bay of a 24,000 TEU-class container vessel, which serves as the localized analysis domain for the nonlinear finite element simulation. The principal dimensions of the vessel, which form the basis for the computational domain and boundary conditions, are summarized in Table 1. 
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The vessel has an overall length of 400.0 meters, a length between perpendiculars of 393.1 meters, and a scantling length of 387.9 meters. The moulded breadth and depth are 61.5 meters and 33.2 meters, respectively, with a scantling draught of 17.0 meters and a design draught of 14.5 meters. The assumed service speed is 23 knots; however, hydrodynamic effects were not explicitly modelled, as the rigid-hull assumption decouples fluid-structure interactions and allows focus on the structural response of the container securing system.

The container stacking arrangement follows realistic CSA guidelines and reflects a high-risk loading condition, where heavier containers are deliberately placed at the upper and outer tiers. All container boxes are standardized to 40 ft in length, and containers located below the weather deck where the likelihood of loss is minimal are excluded from the model to focus computational effort on the most failure-prone regions.

This high centre-of-gravity stacking configuration amplifies overturning moments and lateral instability during roll-induced motion, effectively replicating worst-case loss scenarios. From a modelling standpoint, this approach is critical to accurately capture the dynamic structural response under transient inertial loads.

The container weights and securing configurations are derived from the CSA data of the actual vessel shown in Figure 2. This high-fidelity input ensures that container mass distribution, twistlock locations, and lashing rod placements are realistically represented in both geometric modelling and mass assignment. As a result, the simulation outputs remain physically representative of real-world container loss events.

2.2 MATERIAL MODELING

To accurately simulate the structural response of the securing system under roll-induced motion, structural components such as the lashing bridge and SAVER-BOX were assigned properties of two typical steel grades: S235 and S315, with yield strengths of 235 MPa and 315 MPa, respectively. A rupture strain limit of 0.2 was conservatively applied to both materials to represent failure initiation. 

All components were modelled using an elastic-perfectly plastic material model without strain hardening. Progressive failure was captured via element erosion, which removes elements exceeding the defined plastic strain threshold. This approach enables the simulation to reproduce both yielding and fracture under dynamic loading, while avoiding numerical instability in reduced-integration shell elements. 

2.3 ROLL MOTION AND ASSUMPTIONS

To evaluate the structural behaviour of container securing systems under realistic ship motions, a nonlinear transient dynamic analysis was performed using an explicit finite element code. The container vessel hull was idealized as a rigid body modelled with coarsened shell elements, based on the assumption that global hull deformation would have limited influence compared with localized failure in the container stack and lashing system. This simplification allowed the analysis to focus on the dynamic interactions among containers, lashing rods, and anti-loss devices such as the SAVER-BOX. 

A sinusoidal roll motion with prescribed amplitude and period was applied to the rigid hull to represent parametric rolling under severe sea conditions. Other degrees of freedom (surge, sway, heave, pitch, and yaw) were neglected, and wind loading was excluded in order to focus on inertial effects. The roll axis was aligned with the centre of gravity (COG) of the hull-cargo system, assuming that mass loss due to container failure would not significantly alter the COG over the simulation timescale. This assumption was adopted to isolate the structural failure sequence under identical excitation conditions rather than to reproduce the full hydrodynamic variability of parametric rolling. 

Progressive failure was simulated using an elastic-perfectly plastic material model for all steel components without strain hardening. Element erosion was triggered when the plastic strain exceeded the rupture threshold (εr = 0.2). Hourglass control was applied to suppress nonphysical deformation in reduced-integration shell elements, and a friction coefficient (μ = 0.3) was assigned to all steel-to-steel interfaces. Mass scaling was introduced by adjusting container material density to improve time-step efficiency without compromising inertial accuracy. 

Key assumptions included: (1) no inter-bay collision, with container bays simulated independently; (2) no compressive failure in twistlocks or corner castings; and (3) cargo mass centred and fully restrained within containers. These idealizations provide a computationally efficient but physically meaningful framework for assessing progressive structural collapse. The selected roll parameters (amplitude 25°, period 30s) correspond to the upper bound of parametric rolling events documented in accident reports (DMAIB, 2014; 2022; MAIB, 2020) and were intended to represent a near-limit condition for ultra-large container vessels. Although only a single loading scenario was considered, it provided a stringent basis for comparing the conventional and SAVER-BOX configurations. Future work should examine the sensitivity of the results to roll parameters, friction assumptions, and roll-centre variation over a wider range of sea states.

2.4 STRUCTURAL MODELING

To evaluate the structural response of container securing systems under dynamic roll excitation, a detailed FE model was developed using a combination of 1D beam and 2D shell elements. The model comprises 59,077 nodes and 61,334 elements. Each component was idealized with appropriate geometric simplifications and material scaling to balance accuracy and computational efficiency.

Figure 3 shows the global FE model configuration, where the hull structure is modelled as a rigid body using 2D shell elements with coarsened mesh (≥150 mm). This approach reflects the assumption that the global hull deformation is negligible compared to the localized dynamic failure of containers and lashing components. The hull functions as a rigid shaking table, transmitting sinusoidal roll motion to the container stack through boundary displacement. To streamline the simulation, only representative outer container stacks were modelled from the outermost to the 10th column. Interior posts, bottom-hatch-covered containers, and corner castings were omitted. Their inertial effects were captured via mass scaling, in which the material density was modified to preserve dynamic fidelity.
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Figure 4 provides a close-up view of the lashing bridge and the SAVER-BOX device. Both are modelled with 2D shell elements, using mesh sizes ranging from 150 to 200 mm. For numerical stability, geometric features such as lashing eyes were simplified to triangular shapes, eliminating small holes that could cause stress singularities or shell buckling.
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Figure 5 presents the principal dimensions, installation position, and schematic configuration of the SAVER-BOB, a structural buffer device designed to prevent progressive container loss. It consists of a stopper (200 × 200 × 12 mm) and a stopper plate (200 × 12 mm), both integrated within the lashing bridge via hinged connections. 
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This allows controlled articulation during roll motion, providing both energy dissipation and stress redistribution. The device is installed at the third column of the outer stack an area of maximum overturning moment during parametric rolling. The dimensions are optimized to ensure a balance between rigidity under static loads and ductility under dynamic impact, enabling gradual energy absorption and avoiding brittle failure.

Figure 6 presents the modelling of two critical securing components: (a) the lashing rods and (b) the twistlocks. Lashing rods are represented by five 1D beam elements per rod, calibrated to match the mechanical properties of standard MACGREGOR-rated components with a tensile capacity of 50 tonnes. Twistlocks are modelled as nonlinear, tension-only 1D beam elements, placed at all corner castings except for the uppermost tier. This modelling strategy reflects their real-world function as mechanical fuses that fail in tension under excessive uplift, initiating a cascade of securing failure.
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The tensile failure threshold for twistlocks was defined as 530 kN, based on empirical data from the NISTIR 6557 report (Lew, et al., 2000). This conservative yet realistic value enables accurate simulation of failure initiation under roll-induced inertial loads. Turnbuckles, clevis pins, and other secondary fittings were omitted to concentrate computational effort on critical failure paths. 

Altogether, this structural modelling framework supports simulation of progressive failure within the container securing system while maintaining manageable computational cost under explicit dynamic conditions.

2.5 CONTACT CONDITIONS

To accurately simulate container behaviour under dynamic roll motion, three primary contact interactions were defined in the FE model (Figure 7):
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•Hull–Container Interface: surface-to-surface frictional contact

•Container–Lashing Bridge/SAVER-BOX Interface: surface-to-surface frictional contact

•Container–Container Interface: self-contact with friction

All interfaces were modelled as surface-to-surface frictional contacts using a penalty-based algorithm. A friction coefficient of μ = 0.3, representing dry steel-on-steel interaction, was uniformly applied. This configuration enables realistic simulation of sliding resistance, force redistribution, and energy dissipation during inertial loading, tipping, and collisions.

Among these, container self-contact is particularly critical for capturing domino-type progressive collapse, while contact with the SAVER-BOX allows controlled resistance that supports its passive damping function. FEA’s contact formulation ensures numerical stability by preventing interpenetration and providing physically meaningful contact force resolution. Contact roles (master/slave) were assigned based on element stiffness and mesh size, following standard FEA practice to ensure accurate force transmission. The configuration allows the model to reproduce essential non-linear mechanical behaviours, including large displacement, impact separation, and progressive failure across the securing system.

By incorporating consistent frictional contact across all critical interfaces, the simulation captures the cascading structural interactions necessary for evaluating real-world container loss scenarios.

2.6 LOADING CONDITIONS

To simulate container loss under realistic ship motion, a sinusoidal roll excitation was applied to the centre of gravity (COG) of the rigid hull structure. The motion was defined using the following time-dependent function:
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where t0 is a rise time, k is the sigmoid growth rate, selected to ensure smooth transition from zero motion to full amplitude.

This formulation ensures smooth initiation of motion, preventing unrealistic transient accelerations at the beginning of the simulation. The sigmoid envelope facilitates a gradual build-up of angular acceleration, which is essential for maintaining numerical stability in explicit time integration schemes. 

The magnitude and period of roll motion were selected based on statistical analyses of past container loss incidents, including the DMAIB (2014, 2022) and MAIB (2020) reports. These sources consistently report container loss under parametric rolling conditions with roll amplitudes exceeding 25 degrees and long-period swells. Therefore, the selected motion parameters are considered representative of near-limit-state conditions for ultra-large container vessels. The rolling motion was applied about the global COG, which remains fixed throughout the simulation. Although minor shifts in COG due to container loss may occur in reality, such variations are negligible over the short simulation timescale and limited number of modelled tiers. This simplification preserves the dominant inertial effects while minimizing computational overhead. From a structural modelling perspective, the rigid body assumption for the hull is justified on two grounds:

•Local Structural Focus: The primary interest lies in capturing localized failures such as lashing rod fracture and twistlock disengagement which occur independently of global hull flexibility.

•Relative Mass Scaling: The hull mass significantly outweighs that of the container stack, so the container dynamics are primarily governed by rotational inertia, not elastic coupling with the hull girder.

Figure 8 shows the time-history of the applied roll angle, highlighting the gradual onset and cyclic pattern. Figure 9 schematically depicts the rotational excitation applied at the hull-cargo COG, showing how the rigid hull transmits motion to the container stack through defined contact interfaces.
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This modelling strategy allows the simulation to replicate high overturning moments and side loads at outer-tier containers, which are most vulnerable to loss during parametric rolling. The applied load condition effectively challenges the securing system particularly the SAVER-BOX by imposing realistic dynamic loads observed in past maritime accidents.

In summary, the combination of Equation (1), Figures 8 and 9, and the explicit FE framework provides a robust and physically grounded simulation of container loss mechanisms. This load application strategy not only aligns with theoretical maritime dynamics but also enables practical validation of securing system performance under extreme roll conditions.

3. STRUCTURAL RESPONSE AND FAILURE SEQUENCE

3.1 BASELINE ANALYSIS WITHOUT SAVER-BOX

The baseline scenario excludes the SAVER-BOX device, enabling assessment of the structural vulnerabilities inherent in conventional securing systems. Progressive failure was captured through strain-based rupture criteria and element erosion, allowing consistent simulation of fracture initiation, propagation, and detachment, as summarised in Table 2.
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The failure sequence begins at a roll angle of 19.9°, where twistlocks, modelled as axial tension-only elements with an ultimate strength of 530 kN, begin to rupture. This leads to detachment of outer-tier containers at 21.9°, when restoring moments are minimal. As the roll angle increases to 23.1°, lashing rods experience combined axial tension and secondary bending, exceeding their rated tensile limit of 50 tonnes. By 23.5°, extensive plastic deformation and fracture develop in the lashing system, and load redistribution to adjacent fittings may lead to additional failures in nearby components. At the maximum roll amplitude of 25.0°, the stack undergoes global collapse, with more than 90% of containers lost in the modelled bay. This sequence illustrates the critical role of twistlocks as load-transmitting fuses: once failed, inertial forces are redirected to less robust components, triggering a progressive chain of failure.

For comparison with the SAVER-BOX configuration, Table 2 summarises the progressive failure sequences under identical roll excitation. At first glance, the SAVER-BOX case may appear to show earlier local instability of the outer-column containers than the baseline case. However, this behaviour requires careful interpretation. In the baseline case, failure propagates rapidly from the outer columns inward, leading to collapse of the entire stack. In contrast, the SAVER-BOX provides restraint at the lower container tiers. Although this restraint may be associated with earlier local detachment of the outermost containers, it also limits excessive sliding and tilting of the lower containers. As a result, the failure cascade is interrupted and the inner columns remain largely intact.

The SAVER-BOX therefore does not eliminate local failure altogether, but changes the failure mode from catastrophic global collapse to a more controlled, progressive response that preserves the overall integrity of the stack. These results indicate that conventional securing systems, in the absence of energy-dissipating or load-redistributing devices, are vulnerable to the extreme inertial demands imposed by parametric rolling because they lack an effective mechanism to interrupt failure propagation. This highlights the importance of mechanism-based reinforcement strategies: isolated strengthening of individual members may only delay failure onset or shift the location of collapse, whereas integrated solutions such as the SAVER-BOX alter the system load path and improve structural resilience against container loss.

3.2 EFFECTIVENESS OF SAVER-BOX IN FAILURE MITIGATION AND LOAD REDISTRIBUTION

Consistent with the baseline scenario, twistlock failure initiates at a roll angle of approximately 19.9°, driven by excessive axial tension. However, due to the lateral confinement introduced by the SAVER-BOX, container displacement is substantially mitigated. 

At 22°, while outer-tier containers exhibit early signs of instability, the SAVER-BOX absorbs and redistributes roll-induced inertial forces, decreasing local stress concentrations and limiting their propagation.

At 23.5°, the SAVER-BOX becomes fully engaged. Through hinged connections and strategically reinforced plates, the structure effectively resists overturning moments, interrupting the failure chain observed in the baseline case. Unlike the baseline condition where lashing rods experience uncontrolled fracture, the SAVER-BOX redistributes loading inward toward the third-column containers. Localized yielding is observed at 24°, primarily in sacrificial elements, preserving the integrity of inner container stacks. Even at the maximum roll amplitude of 25°, total collapse is avoided, and only partial displacement occurs in upper-tier containers.

This behaviour demonstrates the SAVER-BOX’s dual functionality: (1) passive energy dissipation through plastic deformation and (2) dynamic load rerouting to less critical structural regions. The structural steel used in the device (S315) sustains plastic strain without rupture (critical strain = 0.2), confirming the adequacy of its ductile design.

From a mechanics standpoint, the device anchors to the lashing bridge and engages containers via surface-to-surface friction (µ = 0.3). This contact mechanism allows the SAVER-BOX to transform unrestrained container movement into controllable deformation. Unlike traditional securing systems, which lack alternative load paths, the SAVER-BOX converts concentrated kinetic energy into distributed mechanical work.

The simulation incorporates strain-based rupture criteria and element erosion, a method aligned with dynamic crashworthiness analysis. The erosion threshold of 0.2 was selected based on experimental tensile failure data from NISTIR 6557 (Lew, et al., 2000) and MACGREGOR(2016) guidelines. Frictional contact and hinge articulation further mitigate kinetic energy transmission, preventing failure escalation.

Figure 10 illustrates the moment of full contact engagement at a roll angle of 23.5°. The left subfigure shows the von Mises stress distribution, revealing high stress concentrations localized at the contact interface. Stress values approach, but do not exceed, the yield strength of the material indicating effective energy absorption without rupture. The right subfigure visualizes the effective plastic strain, which is concentrated at the hinge and frontal plate regions. The peak strain remains below the rupture threshold (<0.2), indicating that plastic deformation occurred without structural fracture.
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These results support the interpretation of the SAVER-BOX as a passive energy-absorbing system, operating within a ductile design envelope. The geometric and material characteristics ensure that, under extreme dynamic conditions, the structure deforms in a controlled manner to protect critical components. The inclusion of this device shifts the system’s failure behaviour from a brittle, cascading collapse to a managed energy dissipation response. Portrait format is to be used. 

3.3 QUANTITATIVE EVALUATION OF SAVER-BOX EFFECTIVENESS USING THE PCL METRIC

To quantitatively evaluate the effectiveness of the SAVER-BOX system, this study introduces the Percentage of Container Loss (PCL) metric, which represents the ratio of lost containers to the total number of containers in the target bay (Eq. 2). This metric provides a standardized means of comparing the performance of anti-loss technologies under identical extreme roll conditions (roll angle of 25°, period of 30 seconds).
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where NT is total number of container boxed, NL is number of lost container boxed

Table 3 compares the PCL values based on the presence or absence of the SAVER-BOX. Under the baseline condition (without SAVER-BOX), 118 out of 127 containers are lost, resulting in a PCL of approximately 93%. This outcome aligns with prior structural analyses (Table 2), indicating a rapid collapse due to sequential failures of twistlocks and lashing rods. 
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In contrast, when the SAVER-BOX is applied, only 26 containers are lost, reducing the PCL to 20% , corresponding to 78.5% reduction. This performance enhancement stems from two key mechanisms:

•Load Redistribution: The SAVER-BOX absorbs and disperses inertial forces acting on outer-tier containers, reducing stress concentration.

•Progressive Collapse Control: By inducing partial collapse of the third column at 24°, the device prevents the total failure of the central stack.

The PCL metric transforms qualitative observations into a quantitative benchmark that validates the SAVER-BOX’s design.

•Strain-Based Performance Verification: SAVER-BOX components made from S315 steel (rupture strain = 0.2) experience plastic deformation without failure.

•Frictional Energy Dissipation: The coefficient of friction (μ = 0.3) between containers and SAVER-BOX effectively disperses kinetic energy, delaying the onset of collapse.

This study departs from linear FEA or statistical approaches by integrating LS-DYNA-based explicit dynamics with empirical failure criteria (NISTIR 6557, MACGREGOR), offering a more accurate simulation of real-world behaviour. These findings provide a viable model for IMO standards and future evaluations of anti-loss technologies.

Figure 11 presents the reaction force-time history between the SAVER-BOX and container during dynamic roll excitation. Initial contact occurs at a roll angle of 23.5°, and the reaction force gradually peaks at 60 metric tons near 25°, indicating an elastic-plastic contact response without sudden impacts. As the roll angle decreases, the reaction force diminishes, and the system returns to a zero-contact state by 57 seconds (roll angle ~10°). This nonlinear damping behaviour confirms that the SAVER-BOX functions as a passive energy absorber, maintaining structural integrity over multiple roll cycles. 
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Figure 12 depicts the failure mechanisms of key structural components. (a) The twistlock fails first at 19.9° due to axial and bending loads, marking the onset of the failure cascade. (b) The lashing rod, subjected to combined tension and bending following twistlock failure, fractures between 23.1° and 23.5°. (c) The socket, acting as a passive anchor, experiences tearing or shearing failure when overloaded, especially in the absence of the SAVER-BOX, leading to total stack collapse.
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These results demonstrate that the SAVER-BOX is not merely a reinforcement device but an architectural redesign of the load path, significantly enhancing structural resilience. By interrupting the chain of failures and safeguarding core structural elements, the SAVER-BOX provides a practical and reproducible solution for container loss mitigation.

3.4 FAILURE MECHANISM ANALYSIS OF VARIOUS SECURING CONFIGURATIONS

This section compares and analyses the failure mechanisms of different securing system configurations under identical extreme rolling conditions (25° amplitude, 30-second period). The focus is on how variations in twistlock dimensions, lashing methods, and component compatibility influence failure location, progression, and severity.

Figure 13 illustrates the failure behaviour of a baseline securing system using a conventional twistlock with a 22 mm diameter rod and a 33 mm head. During rolling excitation, axial and bending forces act on the twistlock shaft, particularly in the outer containers, which are exposed to greater overturning moments. According to Euler buckling theory and strain-based failure criteria, localized plastic deformation accumulates in the twistlock shaft. When the critical strain threshold (ε = 0.2, based on NISTIR 6557) is exceeded, rupture occurs. This failure mode is implemented in FEA using element erosion modelling, leading to an immediate loss of load-carrying capacity.
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Figure 14 shows the case with an increased rod diameter of 30 mm (maintaining the same head geometry). While this delays shaft failure, stress redistribution shifts the failure location to the socket. The unreinforced thin-walled socket tears at the twistlock joint due to bending and shear stresses. This is a typical case of load-path migration, where isolated reinforcement causes premature failure in other parts of the system if overall compatibility is not maintained.
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Figure 15 presents a configuration with both twistlock and rod reinforced. The resulting load bypasses the socket and reaches the corner casting of the container, which fails under excessive flexural shear. Even though the casting complies with ISO standards, it cannot absorb such concentrated dynamic loads. Cracks initiate at geometric discontinuities, leading to structural detachment. This outcome warns against increasing local stiffness without maintaining global structural balance.
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Figure 16 compares two models with the same twistlock/socket configuration but different lashing methods: external and internal. The external lashing system extends the moment arm, allowing the lashing rods to absorb more energy through bending. In this case, gradual failure occurs in the rods, delaying container collapse and preserving the main securing components. Conversely, the internal lashing system transmits axial forces directly, leading to rapid twistlock failure. This comparison demonstrates that geometric damping through external lashings is more effective for energy dissipation.
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Table 4 summarizes the simulation outcomes for various securing configurations:
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•Model O-1 (Baseline): Early failure occurs at the twistlock shaft.

•Model M-2 (Reinforced Shaft): Failure shifts to the unreinforced socket.

•Model M-3 (Fully Reinforced): Failure occurs at the corner casting, exposing overall structural imbalance.

•Model E-1 (External Lashing): Gradual failure in lashing rods with effective stress redistribution.

•Model I-1 (Internal Lashing): Axial stress concentration leads to twistlock shaft re-failure.

The results summarised in Table 4 highlight several key insights: reinforcing only the twistlock is insufficient and may be counterproductive unless adjacent components are also strengthened. The most effective configuration includes geometrically enhanced damping paths, such as external lashings, to distribute dynamic loads over a broader structural area and protect critical joints. 

This analysis emphasizes the need for securing systems to be designed as integrated units that evolve into dynamic load-distributing structures capable of preventing progressive failure.

The progressive failure observed in twistlocks and corner castings under extreme roll motion should be interpreted in the context of the present modelling assumptions. These internationally standardised securing components were subjected to a severe imposed roll condition intended to represent a near-limit structural demand, and the predicted failures indicate that extreme parametric-roll loading may drive the securing system beyond its intended load path and trigger progressive collapse at the system level. 

The results should therefore be understood as representing comparative structural behaviour under an extreme scenario rather than general inadequacy of the components under normal operating conditions. Table 4 further shows that isolated reinforcement of a single component may shift the failure location without preventing collapse, highlighting the importance of system-level load redistribution in securing-system design.

4. CONCLUSIONS AND FUTURE PERSPECTIVES

This study examined the failure mechanisms of container securing systems under extreme roll-induced motions. The simulations indicated that conventional twistlocks may act as primary initiators of structural collapse during parametric rolling, with failure propagating subsequently to sockets and corner castings. The explicit dynamic analysis captured the main features of progressive collapse behaviour under severe roll loading. 

The results showed that strengthening a single component without considering adjacent structures may shift rather than prevent failure. In contrast, the SAVER-BOX provided a system-level mitigation approach by introducing an alternative load path and controlled deformation mechanism. Under the assumed loading condition, container loss was reduced from 93% to 20%, indicating the potential of the device to interrupt progressive collapse. 

These findings support the use of nonlinear explicit finite element analysis as a useful tool for investigating failure sequences and load redistribution in container securing systems. Nevertheless, the present study considered a single representative loading scenario and one SAVER-BOX configuration. Further work is therefore required to assess the broader applicability of the proposed concept. 

Future work should address:

•Hydrodynamic Integration and Parametric Sensitivity: Incorporate fluid–structure interaction to simulate more realistic hull motions beyond rigid-deck assumptions, and extend the analysis to a wider range of roll amplitudes, periods, friction conditions, and loading scenarios in order to assess the robustness of the predicted failure behaviour and the effectiveness of the SAVER-BOX.

•Sensor-Driven Digital Twin: Use real-time strain and acceleration data to enable structural health monitoring, predictive maintenance, and future validation of structural response models under operational conditions.

•Degradation Modelling: Address long-term fatigue, corrosion, wear, and accumulated looseness in securing fittings to assess lifecycle risk beyond immediate overload scenarios and to evaluate how component degradation may affect failure initiation and propagation.

•Operational Risk Coupling: Integrate human error, cargo arrangement uncertainty, and operational variability into structural models using risk-based tools to support more comprehensive assessment of container loss scenarios.

•SAVER-BOX Refinement: Optimise materials and geometry and modularise the design for lightweight, retrofittable solutions adaptable across different vessel classes, stack arrangements, and container fleet conditions.

By advancing towards more resilient securing arrangements, this work contributes to ongoing efforts to improve structural safety and reduce container loss at sea.
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Table 4. Summary of failure results according to contaimer
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Notes: S is twistlock shaft diameter, TH is twistlock head height, R is
lashing rod diameter. E is external lashing, I is internal lashing
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Figure 10. von-Mises stress and effective plastic strain
distributions when the uppermost SAVER- BOX begins
to work
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Figure 12. Typical container fittings; (a) twist-lock. (b)
Jashing bar, (c) socket
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Figure 11. Reaction force at the contact area between the
upmost SAVER BOX and the container boxes
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Figure 13. Collapse simulation of the container fixation
devices of the oriinal model (rod diameter = 20mm)
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target bay of the 24k container vessel
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Figure 5. SAVER-BOX details: (a) principal dimensions,
and (b) schematic of the device configuration
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Figure 7. Applied contact conditions in the global analysis
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Table 1. The principal dumensions of the container

Component Value

Length overall length 4000 m
Length between perpendicular 3931m
Length scantling 3879m
Breadth (Moulded) 6L5m
Depth (Moulded) 32m
Scantling draught (Moulded) 17.0m
Design draught (Moulded) 145m
23 knots

Speed
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Table 2. Comparative Failure Sequence of Contamer Securing Systems With and Without the SAVER-BOX Under
Parametric Rolling
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