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Abstract 

The paper presents a review of experiments and calculation procedures for the resistances of ship 

structural components subjected to impact loadings. The purpose of the paper is to highlight the 

importance of large-scale collision and grounding experiments and to discuss the technical 

difficulties and challenges in analytical, empirical and numerical analyses. Experiments on ship 

structural components are benchmarks and baselines, used to propose analytical or empirical 

formulae for the structural energy absorptions and/or to validate numerical analyses considering the 

actual structural and material characteristics. In recent literature, analytical and numerical 

calculations provide relatively accurate prediction of purely plastic responses of ship structures 

under impact loads, but universal approaches have not been found for fracture predictions. Most of 

the proposed formulae for failure criteria have their dedicated scope of application, and all 

approaches have shown limitations when evaluating material fractures in various collision scenarios. 

Recently, semi-analytical approaches have been developed to evaluate the relationship between the 

absorbed energy and the damaged material volume, taking into account the structural arrangements. 

It seems that these semi-analytical methods often show better accuracy than the numerical 

simulations when predicting the experimental results. 
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1. Introduction 

A review paper [1] on ship collision and grounding analysis procedures advocating for standards for 

design against accidents was published in 2010 and the paper emphasizes that procedures should be 

developed to increase the crashworthiness of ship structures in order to reduce the high economic, 

environmental and human costs associated with ship collisions and grounding. In evaluation of 

collision and grounding events, one of the key issues is an accurate prediction of the damage extent 

of ship structures. The main focus of the present paper is to review the literature on experiments and 

calculation procedures for the internal mechanics of ship collisions and to propose further research 

topics. 

The evaluation methods for internal impact mechanics include experiments, empirical 

formulae, analytical methods and finite element simulations. Their advantages and disadvantages 

are summarised in Table 1, and the analysis procedure for impact strength of ship structural 

components are presented in Fig. 1. Two decades ago, a potential design procedure for grounding 

and collision was proposed by Amdahl et al. [2]. Ship grounding was categorized as two types: 

vertical penetration referred to as “stranding” and horizontal sliding referred to as “raking”; the 

internal mechanics of ship collision was also separated into two types: side penetration referred to 

as “side collision” and bow crushing in head-on collision referred to as “bow collision”. 

In the literature, the investigated ship structural components include plates, stiffened panels, 

web girders, web and stringer intersections, stiffened decks, single bottoms, double-hull sides and 

bottoms, straight bows, bulbous bows, etc. The failure modes associated with internal mechanics of 

ship collision and grounding can be described by plate tension, folding/crushing, tearing/cutting, 

and sliding, etc. The failure modes involved in ship side collision, bow collision, stranding and 

raking are summarised in Table 2. 
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Full-scale ship collision and grounding experiments are extremely expensive and thus rarely 

conducted. Real life accidents are influenced by many components and unknown variables and 

consequently difficult to analyse in detail. However, damage and failure patterns from collision 

accidents provide the true pictures in revealing the ship damage mechanisms. Fig. 2 shows 

examples of recent collision accidents. It is fundamentally important to consider actual ship 

collision scenarios and ship structural scantlings and arrangements when conducting laboratory 

collision tests. 

Large-scale laboratory tests are the most practical means for investigating the 

crashworthiness of ship structures and providing data for calibrating analysis procedures. In impact 

studies of ship structures, quasi-static loads are most often used in the investigations on the 

experimental impact responses. This is a valid simplification because ship collisions normally occur 

at low velocities that only affect slightly the local structural response characteristics. 

A ship is conveniently viewed as an assembly of plated structures where the involved 

damage mechanisms of structural components can be added up to evaluate the impact strength of 

whole ship structures. Hence, a series of structural components have in the past been selected to 

examine experimentally their primary deformation modes and damage mechanisms. These 

experiments on structural components are mainly used to propose empirical or analytical formulae 

for the structural energy absorptions and/or to validate numerical analyses considering the actual 

structural and material characteristics. However, the interactions between components could be very 

important and too simple model tests may miss some critical factors affecting the results. 

Analytical and empirical methods remain the most rapid tools for evaluating the 

crashworthiness of ship structures. A considerable amount of the recent work is based on the upper 

bound theorem of plasticity and is focused on the proposition of simplified analytical methods to 

evaluate the structural plastic deformation, reaction force and energy dissipation. The analytical 

methods developed from plastic mechanism analysis can reveal the main features of the structural 

plastic deformation characteristics during the impact. These methods can establish the global 
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pattern of deformation by adding up all local contributions of the individual structural components 

and they are capable of capturing the main features of the mechanical damage. Various analytical 

formulae have been proposed to evaluate the energy dissipation of relatively complex structures, 

such as stiffened plates, web girders and plate intersections. Nevertheless, the material failure is still 

an issue for theoretical analysis of complex structures. For this reason, simple empirical and semi-

analytical formulae for evaluating the relationship between the absorbed energy and the damaged 

material volume are widely used for ship collision and grounding analyses in the marine industry 

due to their simplicity and relatively good accuracy. 

More recent comparisons with experiments are made with finite element simulations. The 

wide spread application of finite element numerical simulations has been used to predict the plastic 

deformation of ship structures. The failure due to material rupture in welded ship structures is still 

not well resolved numerically. Failure strain and crack propagation are highly dependent on the size 

of the finite elements, and the criteria for initiation of ductile fracture are still not well established. 

The stress triaxiality controls the initiation of the ductile fracture in virgin plates [5]. Moreover, a 

rather coarse mesh is required for the numerical simulation of ship structures. The strain rate effect 

is often omitted due to the relatively low striking velocity. Although various failure criteria 

involving the mesh size sensitivity have been proposed, it is difficult to find a universal criterion to 

evaluate all the existing experiments. At present these criteria are validated against their selected 

experiments and therefore the existing fracture criteria should be applied in association with these  

specific collision scenarios. A further complication is the effect of the discontinuities and 

imperfections caused by the welded connections. 

This paper summarises the literature on large-scale collision experiments and reviews 

experimental, numerical and analytical works on the energy absorption of ship structural 

components under impact loadings. The review comments on the advantages and disadvantages of 

various existing analytical methods, and recommends the most appropriate method to assess each 

collision scenario. 
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2. Large-scale experiments 

Structural model tests are the most practical means for evaluation of analysis procedures for 

investigation of the crashworthiness of ship structures. The large-scale experiments require the use 

of expensive test facilities and equipments in order to capture the entire impact event. In most 

studies of crashworthiness of ship structures subjected to lateral collision loads, the experiments 

have been conducted in a quasi-static manner. The experiments provide the force-displacement 

responses and the failure modes of the impacted structures. The primary energy absorbing 

mechanisms of published experiments are summarised as follows. 

 Membrane deformation and penetration of stiffened panels in side collision or stranding [6-18] 

 Compressed folding deformation and concertina tearing of web girders in side collision or 

stranding [19-25] 

 Penetration and crushing of double hulls in side collision or stranding [26-39] 

 Concertina tearing and cutting of stiffened panels in raking [25, 40-47] 

 Cutting of double hulls in raking [45, 48-51] 

 Axial crushing of basic L, T and X type elements in bow collision [52-55] 

 Crushing of bulbs in bow collision [51, 56-62] 

2.1. Side collision and bottom stranding 

Stiffened panels, web girders and double-hull structures are the main components of ship sides and 

bottoms. In side collision and bottom stranding (e.g. vertical deformation) scenarios, the exposed 

ship structural components are dented or penetrated by striking ships or seabed obstructions. The 

struck structural components experience similar failure patterns, and therefore they are summarised 

and reviewed together. 

2.1.1. Stiffened panels 

Stiffened panels represent the single skin ship side and single bottom structures and the outer panels 

of double side shells and double bottom structures. Recently, some experimental works were 
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performed on stiffened panels struck by wedge indenters [7, 8, 10, 11]. The described collision 

scenario was one where a rigid bulbous or a knife edge shaped straight bow impacts at a side panel 

unit limited by one span between the web frames and the stringers. The stiffened panel ruptures 

initially at the end corners of the wedge indenters, and afterwards the cracks propagate 

perpendicularly and centrally, as shown in Fig. 3(a). The stiffened panels lose their capacity to 

sustain the impact load when the plates are completely cut by the wedge indenters. The nose of 

bulbous bow is sometimes simplified as a hemisphere, and thus hemispherical indenters are also 

used to strike the stiffened panels in the experiments described in Refs. [9, 12, 14]. The stiffened 

panels deform plastically due to the membrane forces, and afterwards cracks are initiated at the 

necking circle or around lateral stiffening, see Fig. 3(b). 

In ship stranding, the bottom suffers similar failure modes as with side impact. The 

stranding experiments usually apply a rigid cone indenter with a hemispherical nose to punch the 

scaled ship structures [6]. The stiffened panels rupture along the stiffener underneath the indenter. 

The experimental results are very sensitive to the geometry of the indenter, particularly the reaction 

force decreases with the contact area since the panels can experience smaller local indentation. This 

localised contact provokes easier rupture of the stiffened panels and fails at a smaller displacement 

and force. 

Generally, the experiments on stiffened panels can only represent minor collision accidents, 

since the energy absorptions of stiffened panels are relatively small comparing with the mean 

striking energy of collision accidents. For improving ship safety against collision, novel 

crashworthy ship side structures, such as corrugated panel with ‘U-shaped’ stiffeners, sandwich 

panel with oblique webs or with multiple ‘X-shaped’ cores, have been developed and tested in 

relatively large scale showing higher energy absorption capabilities compared to the conventional 

ship side structures [15-18]. 
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2.1.2. Web girders 

Web girders are the main structural forms of web frames and stringers in the double-hull ship sides 

and bottoms. Experiments have been conducted on the crushing resistance of web girders under 

local in-plane loads [19-24], see Fig. 4(a). The web girder mainly undergoes plastic compressed 

folding deformation, and its deformation is divided into two parts, plastic deformation and elastic 

buckling zones [63]. A complete fold is formed at a certain penetration and the fold is fully 

compressed with further loading. 

For web girders stiffened longitudinally (i.e. the stiffeners are perpendicular to the direction 

of the incoming striker), the crushing resistance is very close to that of unstiffened web girders [21, 

63]. On the other hand, when the web girders in side shells and bottom floors are stiffened 

transversely they can sustain larger crushing forces during ship side collisions and strandings since 

the transverse stiffeners crush axially. This was demonstrated by Liu and Guedes Soares [24] who 

analysed experimentally the crushing resistance of transversely stiffened web girders. 

The concertina tearing mode can be considered as the web crushing with rupture at the two 

end supports, see Fig. 4(b). Wierzbicki [25] and Simonsen and Ocakli [22] conducted experiments 

to analyse the mean wedge pushing force required to produce the concertina tearing failure mode. 

2.1.3. Double-hull structures 

Stiffened panels and web girders are the main structural elements which compose double-hull 

structures. In the damage mechanisms of double-hull structures, the outer plate mainly suffers local 

denting and crack initiation and propagation, while the web frames experience plastic buckling and 

progressive crushing and even cutting, see Fig. 5. 

Four decades ago, a series of static and dynamic collision model tests were conducted in 

Japan and Germany to analyse the various aspects of the impact problems, such as the design of 

ship side structures and the effect of striking bow shapes [26, 27]. Afterwards, Ito et al. [28] 

conducted a series of experiments with double-sided hulls struck by raked and bulbous bows, and 

the collision scenarios were grouped into five categories based on different impact locations. 
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In 1990s, a series of full-scale ship collision experiments was carried out by the TNO in 

Netherlands [31, 32, 35, 36], using two inland waterway tankers with length of about 80 m. The 

striking bow was specifically made and it was a relatively hard bulb. The impacted structures were 

installed in the middle of the struck ship and their dimensions were based on conventional and 

newly developed double-hull tanker side structures. These are probably the most complicated 

collision tests ever carried out. Illustration of the collision tests and a damaged model after test is 

shown in Fig. 6 [35]. 

Recently, Karlsson et al. [37] conducted an experiment of scaled double-hull ship structures 

under a hemispherical indenter. The indenter was located centrally at a plate-stiffener intersection. 

Tautz et al. [39] reported collision experiments of rigid and deformable bulbous bows driven 

against double hull side structures and found that the stiffness of the striking vessel has noticeable 

influence on the distribution of collision energy. 

In the analysis of bottom stranding, Arita and Aoki [29] and Amdahl and Kavlie [30] 

performed model tests of a double hull penetrated by a rigid cone indenter, investigating the 

structural local deformations. Afterwards, Paik et al. [33] and Wang et al. [34] conducted 

experiments of a conventional double bottom on a conical rock, evaluating the energy absorption 

and fracture initiation of double hulls for different structural arrangements and bow forms. The 

failure modes differ when loading at a bare plate and at a plate intersection. The initial crack occurs 

in the contact area when penetrated by small radius indenters, whereas the crack initiates at the 

plate-web intersections when penetrated by large radius indenters. 

2.2. Bottom raking 

Bottom structures subjected to horizontal grounding forces are scratched or torn by protruding 

obstructions of the seabed. Thus, instead of denting and penetrating as in bottom stranding, the 

bottom structures in raking scenarios suffer scratching and tearing involving the effects of friction, 

plasticity and fracture, as shown in Fig. 7. The mostly investigated bottom structural components 

subjected to bottom raking are stiffened panel components and double-hull structures. 
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The concertina tearing presented in Fig. 4(b) is a possible failure mode of ship bottoms 

striking a rock or reef in a grounding accidents [25], and another failure mode of bottom raking is 

plate cutting. Paik [44] performed a series of cutting tests on longitudinally stiffened plates in quasi-

static loading. Simonsen and Tornqvist [47] investigated experimentally crack propagations in 

large-scale shell structures under in-plane bending and stretching (or uniform stretching). 

For raking of double-hull structures, Kuroiwa et al. [45] investigated a situation where a 

rigid wedge indenter penetrates quasi-statically into the structure. In order to investigate grounding 

of a ship bottom structure on a pinnacle rock, Rodd [48] conducted grounding tests of a 1:5 scaled 

oil tanker structures. The ship bottom test specimen was mounted to a railway car and run over an 

artificial rock which was connected to vertical and horizontal load cells. Sterndorff and Pedersen 

[49] performed a series of large-scale ship grounding experiments on an artificial island to analyse 

the hull girder response of ships running aground. From 1994 to 1995, a series of Japanese ASIS-

sponsored grounding experiments was carried out in the Netherlands to simulate grounding of a 1:4 

scaled VLCC (Very Large Crude Carrier) [50], and illustration of the tests is presented in Fig. 8. 

Recently, Calle et al. [51] performed an experiment of a 1:100 scaled ship bottom structures 

launched against a rigid sharp indenter. The fracture of ship bottom structures is dominated by 

tearing failure of the external plate and internal transversal reinforcements with a negligible 

reduction of the plate thickness.  

2.3. Bow collisions 

Axial crushing of basic L, T and X type elements was investigated experimentally in order to 

analyse the bow crushing mechanics [52-55]. These elements are the main structural components in 

longitudinally stiffened ship bows. 

Amdahl [56] performed six model tests on straight bow crushing, presenting diagrams of 

compressive load versus end shortening. Hagiwara et al. [57] performed experiments of a 1:5 scaled 

bow model of a cargo ship (typical small ship) and a 1:10 scaled bow model of an oil tanker (typical 

large ship) to investigate the resistance of the bows. These two bow models were stiffened 
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transversely, omitting the longitudinal stiffeners in the inner structures. As a bulb is most often is a 

part of a normal ship bow, a series of quasi-static experiments were carried out to analyse the axial 

crushing of bulbous and blunt-shaped bows in right-angled collisions [58-60, 62], see Fig. 9. The 

designed bows are stiffened longitudinally and/or transversely. The scaled bows were crushed 

axially by rigid walls, and the force-displacement response and the collapse modes were recorded. 

Afterwards, Yamada and Endo [61] conducted experiments on scaled bulbous bows to investigate 

also the bending collapse of the bulbous bow structures in oblique collisions. 

Recently, Calle et al. [51] performed an experiment of a 1:100 scaled bulbous bow 

structures launched against a rigid wall. The axial crushing shows a complete inward folding of the 

first ring section of the stiffened bulbous bow. This folding is composed by small folds around and 

between the outer plate and the first ring reinforcement. 

2.4. Comments on scaled experiments 

The testing of scaled models is indispensable to study the resistance characteristics of complex 

structures. Larger-scale experiments will represent more closely realistic welded ship structures and 

reflect effects such as: (1) mechanical material properties are altered in the weld heat-affected zone; 

(2) weld throats provide additional thickness improving structural strengthening; (3) residual 

stresses exist around the welding; (4) the weld smoothes the transverse transition in the plate 

intersections. These phenomena induced by welding play an important role to represent better the 

failure patterns of actual ship structures. In addition, the welding can provide additional strength 

and rotational stiffness in the weld joints delaying the tripping and folding of lateral stiffening and 

provoke strain concentration and fracture in the heat-affected zone around the stiffening. 

Nevertheless, these phenomena are usually omitted in the numerical and analytical analyses of ship 

structures. 

The results obtained from experiments of scaled models provide understanding of the 

damage mechanics of geometrically similar full-scale prototypes. However, the relationship 

between scaled models and the full-scale prototypes is very complex due to the scaling effects. 
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Jones [65], Liu et al. [11] and Oshiro et al. [66] commented on the similarity complications in 

experiments, especially for material fracture and strain rate effect. 

When the structural behaviour involves little or no fracture, the results of the scaled model 

can be extrapolated to the full-scale prototype according to the elementary scaling principles, 

provided that the strain rate sensitivity of the material can be ignored [65]. On the other hand, when 

fracture occurs in complex structures, especially in structures suffering shear failure, the scaling is 

much more complicated [67]. The scaling laws for material rupture are still not well resolved. 

Moreover, the phenomenon of structural crack propagation does not scale according to the same 

principles which govern geometrically similarity scaling [65], and so far, there are no techniques 

available to extrapolate the fracture process of scaled models to full-scale prototypes. Therefore, it 

is recommended to conduct large-scale experiments in order to reduce the scaling effects. 

3. Analytical and empirical methods 

The main purpose of experimental studies on impact strength of ship structural components has 

been to derive and verify analytical and empirical expressions for evaluating the structural energy 

absorbing mechanisms and failures. 

Simplified analytical methods have been derived to analyse the plastic collapse mechanisms 

of individual structural members for assessing the energy absorption of ship structures. The 

response of complex marine structures has then been estimated as a sum of the crushing loads of the 

structural components. For the pure plastic crushing modes without fracture the simplified methods 

are based on the upper bound theorem of plasticity, where kinematically admissible collapse 

patterns are applied to find the collapse load. The upper bound theorem is considered sufficient to 

model many complex problems in ship collisions and grounding [23, 64]. For these theoretical 

analyses, the most important step is to accurately express the identified deformation modes of the 

structural elements. 

Besides the pure plastic deformation modes researchers of the last few decades have 

identified the major failure patterns for structural components in ship’s collision and grounding 
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which include fracture, such as plate tension, folding/crushing, tearing/cutting and concertina 

tearing [23, 68, 69]. 

3.1. Analytical methods 

Analytical methods for evaluating the resistance of ship structural components have been 

investigated extensively. 

3.1.1. Side collision and bottom stranding 

Haris and Amdahl [70] proposed an analytical model to assess the resistance of a ship side during a 

collision, dividing the ship structure into a shell plating, cruciforms and web girders. An analytical 

formula to calculate the strength of shell plating was proposed, while the resistance of cruciforms 

and web girders were evaluated analytically by the methods of Hayduk and Wierzbicki [52] and 

Zhang [23], respectively. In the literature, more analytical analyses of the crushing resistance of 

plates [68, 71-76], stiffened panels [7, 11, 77], cruciforms [55, 56, 78, 79] and web girders [22, 23, 

80-82] were reported and a comparison of the accuracies of these analytical methods can be found 

in Refs. [11, 63, 81, 83, 84]. Liu and Guedes Soares [85] presented an analytical method to examine 

the energy absorbing mechanisms of double-hull ship structures subjected to a flat edge indenter, 

based on the theoretical investigations on stiffened panels [11] and web girders [63], see Fig. 10.  

For ship bottom stranding, the structural damage mechanisms are similar to those of side 

collisions. Therefore, the analytical methods for evaluating the ship side collisions can be applied in 

the assessment of bottom stranding. The difference could be the simplification of the geometry of 

the striker, since the seabed shape is different from bow shapes. 

3.1.2. Bottom raking 

The seabed topologies have been categorized in the grounding scenarios studied by Amdahl et al. 

[2], as ‘rock’, ‘reef’ and ‘shoal’. The grounding over rock or reef has been analysed in Refs. [86-89], 

and the assumed deformation mode of bottom plate in raking is shown in Fig. 11. 
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Initially, Wang et al. [86] developed a simple method to predict the grounding strength of 

ships, assuming that the grounded ship moves in the horizontal plane, without pitching or heaving 

movements. Four primary failure modes were proposed: the stretching failure of transverse 

structures, denting, tearing and concertina tearing failure of bottom plates. The calculation formulae 

for these identified failure modes are assembled to construct a prediction method for bottom 

strength. Simonsen [87, 88] presented a set of analytical expressions which can be used to calculate 

the reaction force on a ship bottom deformed by a conical rock with a rounded tip, and the 

resistance of outer and inner bottom plating, bulkheads, longitudinals, web frames, girders and 

floors were evaluated. Zhu et al. [89] studied the damage extents of grounded ships and assessed 

two real life grounding accidents. Afterwards, Heinvee et al. [90] derived a simple formula based on 

small number of parameters that describe the structural resistance of a tanker in a grounding 

accident. In the literature, more analytical analyses were reported on the plate cutting and tearing 

which are the main damage mechanics of grounding over rocks or reefs [40, 47, 91-94]. 

Hong and Amdahl [95] proposed a rapid assessment procedure for ship bottom structures 

subjected to shoal grounding. The proposed simple method is established on the basis of the 

primary deformation modes for the major bottom structural members, i.e. sliding deformation of 

longitudinal girders [96], denting and crushing of transverse members [81] and indentation of 

bottom plating. As the method developed by Hong and Amdahl [95] does not consider the stiffeners 

in double bottom, Yu et al. [97] investigated analytically the predictions of structural performance 

of stiffened double bottom during ship shoal grounding. 

3.1.3. Bow collision 

Formulae for estimating axial crushing forces of L, T and X type elements and bow structures have 

been proposed in Refs. [23, 53-56, 59, 68, 78, 79, 98-104]. An assumed deformation mode of a 

bulbous bow under crushing is shown in Fig. 12. Paik and Wierzbicki [102] performed a 

comprehensive benchmark study on the application of simplified methods to crushing tests of plated 

structures, comparing the analytical methods proposed by Amdahl [56], Wierzbicki and 
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Abramowicz [98], Abramowicz [100] and Paik and Pedersen [101] with experimental results. It was 

concluded that the methods by Wierzbicki and Abramowicz [98] and Paik and Pedersen [101] give 

relatively good estimations for axially compressed plated structures. 

Recently, Zhang [23], Yamada and Endo [59] and Zhang et al. [103] developed a new set of 

simplified analytical methods for analysis of plate crushing and ship bow damage in head-on 

collisions. Yamada and Pedersen [104] reviewed and estimated analytically the axial crushing of 

bulbous bows, showing that Yang and Caldwell [78] gives the best predictions of the experimental 

crushing forces. 

Based on procedures developed by Amdahl [56] and Yang and Caldwell [78] empirical 

expressions for bow load-penetration relations was presented in Ref. [99] for ice strengthened 

commercial ships. These empirical bow collision forces are now part of Eurocode - Action on 

Structures. 

3.2. Empirical and semi-analytical methods 

Minorsky [105] developed the well-known empirical formula (E = 47.2 R + 32.7), which relates the 

absorbed energy (E in MJ) to the destroyed material volume (R in m3). Although its limitations have 

been well recognised, this empirical formula has been widely used in ship collision and grounding 

analyses in the industry because of its simplicity and also partially due to the fact that no other fully 

recognised simple alternative methods were available or that some alternative potential methods 

need more validations and verifications in order to establish the necessary confidence and 

recognition. 

Based on Minorsky’s concept, semi-analytical methods for the absorb energy and the 

destroyed material volume, taking into account the structural arrangements, the material properties 

and the damage patterns was established in Ref. [106]. This method was validated against a large 

number of existing experimental results and detailed numerical results. The accuracy of the 

simplified method was further demonstrated and proven in Ref. [3] with 20 quality model tests from 
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the public literature (absolute deviations < 10 %), see Fig. 13. The proposed formulae are presented 

as follows: 

1 f 0 10.77E Rε σ=       (1) 

0.67

2 0 23.50 tE R
b

σ =  
 

     (2) 

total 1 2E E E= +∑ ∑       (3) 

where E1 is the energy absorbed by the plastic tension damage mode, E2 is the energy absorbed by 

the crushing and folding damage mode, Etotal is the total absorbed energy, σ0 is the flow stress of the 

material, εf is the rupture strain of the material, R1 is the material volume of the damaged/ruptured 

structural members in tension mode, t is the thickness of the crushed plate, b is the width of the 

plate in the crushed cross section and R2 is the material volume of the crushed structural member. 

One of the important factors in using this approach is that the damaged spaces in heavy collisions is 

assumed to be the same as the contour of the penetrated rigid bow of the striking vessel and the 

material properties including the rupture strain can be taken from the standard coupon tensile tests. 

The Guidance Notes for Collision Assessment for the Location of Low-flashpoint Fuel 

Tanks [107] recommend the above mentioned semi-analytical method to estimate the energy 

absorbed by destroying ship structural members in tension and crushing modes. 

3.3. Concluding remarks 

Although the analytical and empirical methods omit some factors in the actual structures, such as 

the welding effects, they provide fast and relatively accurate approaches to evaluate the structural 

crashworthiness in the preliminary design of ships. 

In general, the simplified analytical methods based on the upper bound theorem of plasticity 

deal well with the prediction of collapse loads during the deformation process. Unfortunately, these 

analytical methods are less accurate when it comes to evaluate the initiation of material fracture 

during impact. In this case, empirical formulae or semi-analytical methods for assessing the 

absorbed energy related to the structural damages can be recommended. 
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4. Numerical simulations 

Finite element analysis of the structural consequences of ship collisions and grounding events is 

especially demanding to reveal the deformation and fracture process for two reasons. Firstly, the 

loads are such that the response behaviour of the structure is found to be quite nonlinear. Secondly, 

the finite element model has to be very large with extremely many elements since the complicated 

ship hull structure needs to be modelled in some detail. Owing to the computational resources there 

is an upper limit on the number of elements which can be used. The result is quite large sized finite 

elements compared to the dimensions of the scantlings of the ship structure. 

Four types of nonlinearity are important for a consistent and comprehensive modelling of 

the crushing process in an accidental ship impact: 

1. Material nonlinearity, for example the elastic-plastic behaviour of the steel material in tension or 

bending. 

2. Geometrical nonlinearity caused by buckling and/or crushing of structural elements subjected to 

shear and compression and also the stiffening effect due to membrane stretching of for example 

laterally loaded shell plating. 

3. Fracture and cracking of the material taking into account welds and imperfections. 

4. Contacts between structural elements. 

Furthermore, in the numerical modelling of ship structural strength components the effect of 

some aspects of the boundary conditions and the joining details are poorly understood. 

4.1. Material nonlinearities 

The nonlinear behaviour of the material includes plastic strain hardening and fracture strain. 

Commonly, the mechanical properties of the material are determined by tensile tests. Hence, the 

true stress-strain relationship is obtained from the recorded engineering stress-strain data in a simple 

or ‘modified’ power law form [108-111], or by combining the logarithmic flow stress curve until 

the onset of necking followed by a simple power law relation beyond localisation [112, 113]. It 

should be mentioned that very accurate flow material curves can be obtained by using optical 
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systems that record the strain to failure in a uniaxial tensile test [114, 115]. Unfortunately, most 

structural analysts do not have tensile test data to define the flow stress curve as input into their 

finite element codes [116]. Recently, Storheim and Amdahl [117] discussed the sensitivity of 

material strain hardening in finite element analysis of ship collisions. 

In fact, the information available from standard material tests only includes the yield stress, 

the ultimate tensile stress and the engineering fracture strain [118]. Liu et al. [84] proposed 

simplified formulae to define the true material curve. The strength coefficient (K) and the strain 

hardening exponent (n) is determined by Eqs. (4) and (5) when the yield stress (σy) and the ultimate 

tensile strength (σuts) are known: 

0.006n
y Kσ = ⋅       (4) 

[ ](1 ) ln(1 ) n
uts n K nσ + = +      (5) 

Later, the true stress is determined by the power law relation σt = K εt
n when εt > 0.006. It is 

dedicated to enhance the industry practice in collision simulations of ship structures when only 

limited time and material data are available. 

For the evaluation of true fracture strain, Calle and Alves [119] presented a review on failure 

criteria used in finite element modelling of ship collision events. 

Some semi-analytical equations, including the ‘simple strain-state-independent’ [35, 84, 120] 

and ‘advanced strain-state-dependent’ [121-123] criteria, have been proposed to obtain the practical 

failure strain for shell elements determined by element size and plate thickness. Ehlers et al. [124], 

Storheim et al. [125] and Marinatos and Samuelides [126] compared the accuracy of existing 

fracture criteria based on the simulations of experiments. They found large discrepancies among 

them. Although much effort has been made by investigators, the scatter of the results between finite 

element analyses and experiments using various suggested fracture criteria is still very large (see 

Fig. 14). 
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4.2. Boundary conditions 

Boundary conditions are an important aspect in finite element analysis. While standard boundary 

conditions for simply supported or fully clamped specimens are easy to implement in both 

analytical and numerical models, it is quite often difficult to reproduce them exactly in the 

experiments. This has been demonstrated in experimental investigations on the boundary conditions 

of laterally loaded specimens [127-129]. Usually, there are two support conditions applied in the 

experiments: bolting or welding, as shown in Fig. 15. For the specimens clamped by bolts, the axial 

sliding between the specimen and the supports can occur because of the mounting tolerance 

between the holes and the bolts. The specimens welded on the rectangular cross-section tubes could 

better simulate the fully clamped conditions assuming the supporting frames are rigid enough. 

In general, the experimental tests cannot satisfy precisely the zero out-of-plane and in-plane 

displacement condition at the supports. The load capacity of a structure is strongly dependent on the 

axial restraint provided at the supports. Therefore, when developing numerical models that are to be 

compared with experimental results, it is necessary that the model represents the real boundary 

conditions, instead of the ideal ones that are the intention in the experimental programme. The 

modelling of experimental restraints should be defined adequately for each particular experiment. 

4.3. Joining details 

Many types of end connections are difficult to characterise accurately, particularly when 

acknowledging the effect of the manufacturing process [116]. The influence of weld joints on 

structural resistances was demonstrated numerically by Alsos et al. [130] and Liu and Guedes 

Soares [24]. The modelling of the weld joints is shown in Fig. 16. In order to account for the 

additional thickness caused by the weld seams, solid models can be easily created on the basis of 

the realistic weld shape. For the shell models, the plate thickness should be increased in the plate-

stiffener intersection. The modelling of the weld joints affects the behaviour of the stiffeners, and 

also the prediction of the onset of fracture in the plate-stiffener intersection. 
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4.4. Comments on analytical methods validated by finite element simulations 

Before initiation of fracture the plastic deformation of ship structures subjected to a rigid indenter 

can be predicted well by the numerical simulations, and numerical simulations have been conducted 

to validate the simplified analytical methods [70, 95, 97, 131-133]. For example, Hong and Amdahl 

[95] proposed and validated a simple method for the rapid assessment of ship bottom structures 

subjected to grounding over seabed obstructions with large contact surfaces. As this type of 

complex collision and grounding experiments are difficult to conduct, the numerical simulations 

provide the only possibility for verification. 

On the other hand, for the analysis of ship collisions involving material fracture the 

numerical simulation results do not yet have the desired accuracy and in those cases validation of 

simulation procedures as well as the analytical procedures by experimental tests are in demand. 

5. Conclusions and further work 

This paper reviewed experiments and calculation procedures for the resistance of ship structural 

components subjected to impact loadings. Comments are offered on the technical difficulties in 

interpreting numerical simulations, analytical and empirical calculations. It is observed that the 

availability of experimental results is needed for the further development of calculation procedures 

when fracture plays a significant role. 

For experimental testing of structural components the establishment of relevant boundary 

conditions constitute a challenge. Most experimental supports are designed to simulate the fully 

clamped conditions, but it is difficult to reproduce such conditions exactly in the experiments, i.e. to 

design supports with so large stiffness that they ensure almost zero displacement boundary 

conditions. As the primary purpose of most experiments is to validate numerical and analytical 

analysis procedures, the influence of boundaries should be accounted for when evaluating the 

structural characteristics. 

Various analytical approaches have been proposed to evaluate collision scenarios involving 

plastic deformation processes, but many aspects of the material fracture are poorly understood. In 
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the analysis of ship bottom raking, some analytical equations have been developed for the cutting of 

a plate by a rigid wedge. Nevertheless, for other types of crack propagations, such as plate 

perforation, reliable theoretical solutions are lacking. Instead, semi-analytical methods have been 

proposed to assess the energy dissipation due to tension and crushing failures of structural members 

during collision accidents. 

Explicit finite element analysis procedures can handle complicate nonlinear geometrical and 

material nonlinearities. In the numerical modelling of ship structural components, some aspects of 

the material plastic strain hardening, the boundary conditions and the joining details have been 

given much attention. Although various failure criteria have been proposed the problems of the 

prediction of material fracture strain are not solved with sufficient accuracy. 

Generally, the evaluation of material fracture is the critical issue in the development of 

analytical and numerical approaches. There is a strong need to conduct more experiments to capture 

the phenomena of crack initiation and propagation in typical ship collision scenarios, which can 

provide the background for new development and validations of analytical and numerical methods. 

Another important issue is to accurately quantify the contribution of friction in collisions and 

grounding. 

A logical future goal for research within this area should be to develop robust design criteria 

for the crashworthiness of ship structures such that also the most important Accidental Limit States 

(ALS), which includes collisions and groundings, can be included into the future classification rules 

for ships. 

A first small step has been the Lloyd’s Register Guidance Notes for Collision Assessment 

for the Location of Low-flashpoint Fuel Tanks. The development of these guidance notes clearly 

shows the advantages of moving towards limit state design. 
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Tables and figures 

Table 1: Available methods for structural impacts. 
Method Analysis Result 

Effort Difficulty Energy Load Stress 

Experiment Expensive, time consuming Scaling effect X X X 

Empirical formula Hand calculation Lack validation X   

Analytical formula Hand calculation Lack validation X X  

Numerical simulation Specialty, time consuming Definition of material fracture X X X 

 

Table 2: Internal mechanics in ship collisions and grounding. 
Scenario Main failure mode of plate elements 

Tension Folding/Crushing Tearing/Cutting Sliding 

Side collision X X   

Bow collision  X   

Stranding X X   

Raking  X X X 

 

 

Fig 1: Analysis procedure of impact strength of ship structural components. 
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Fig 2: Collision damage to (a) an oil tanker and (b) an RoPax ship; cf. Refs. [3, 4]. 

 

Fig 3: Failure modes of stiffened panels subjected to (a) a wedge and (b) a hemispherical indenter, 

respectively; cf. Refs. [10, 12]. 

 

Fig 4: (a) Folding and (b) concertina tearing of web girders under local in-plane loads; cf. Refs. [19, 

20]. 
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Fig 5: Failure modes of double-hull structures loading at (a) a bare plate and (b) a plate intersection. 

The structures are cut along the centre line after testing; cf. Ref. [33]. 

 

Fig 6: (a) Supporting of the bow and the test section and (b) failure mode of the double-hull 

structure under bulbous bow collision; cf. Ref. [35]. 

 

Fig 7: Failure modes of ship bottoms in raking. (a) an LNG carrier in dry dock after grounding; cf. 

Ref. [64]. (b) In 2012 the cruise vessel Costa Concordia hit an underwater rock near the cost in 

Northern Italy. The contact resulted in a gash 4 m below the waterline. 
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Fig 8: ASIS bottom raking test setup; cf. Ref. [50]. 

 

Fig 9: Deformation of bow model after collapse experiments; cf. Ref. [60]. 

 

Fig 10: Assumed deformed shape of (a) stiffened plate and (b) web girder that undergo plastic 

deformation; cf. Refs. [11, 63]. 
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Fig 11: Assumed deformation mode of bottom plate in raking; cf. Ref. [87]. 

 

Fig 12: Assumed deformation mode of bulbous bow under crushing; cf. Ref. [104]. 
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Fig 13: Semi-analytical methods calculated energy normalised with experimental result for twenty 

model tests; cf. Ref. [3]. 

 

Fig 14: Finite element results on collision energy normalised with the experimental results at the 

final structural penetrations using different failure criteria with various mesh sizes; cf. Ref. [125]. 
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Fig 15: Specimens (a) clamped by bolts and (b) welded on rectangular cross-section tubes; cf. Refs. 

[6, 115]. 

 

Fig 16: Weld elements of the plate-stiffener intersection; cf. Ref. [128]. 

 

Fig 17: The deformation of the bottom structure after grounding; cf. Ref. [95]. 
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