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1. INTRODUCTION

Ships and offshore structures may be subject to accidental actions during their operation. De-

sign for preventing or minimizing the effects of accidents is termed accidental limit states 

(ALS) design and is characterized by preventing/minimizing loss of life, environmental dam-

age, and loss of the structure. Collision, grounding, dropped objects, explosion, and fire are 

traditional accident categories. ALS design seeks to improve the outcomes of accidents by de-

signing in flexibility/redundancy/durability that will permit the operator & crew to deal with 

the accident more effectively. Mitigations such as redundant systems, fault tolerant systems, 

and structural-system-level ductility will tend to improve accident outcomes. ALS design is 

inherently a scenario-driven exercise. Different structures may be subject to different accident 

scenarios depending on the type of structure and its intended purpose. Determination of appro-

priate accident scenarios for a particular structure for a particular operation is typically per-

formed via hazard and risk assessment. 

In general, this committee report discusses newer publications (from approximately 2017 to 

mid-2021) and references older publications as required for clarity. Chapter 1 introduces the 

basic terminology, definitions and background information required to discuss ALS. Chapter 

2 presents an overview of rule and code design for ALS. Chapter 3 discusses accident hazard 

and risk analysis. Chapter 4 discusses recent publications relating to analytical, experimental, 

and numerical modeling of ALS. Chapter 5 discusses ALS related publications for new and 

emerging research areas. Chapter 6 presents a summary and the recommendations of this com-

mittee report. Finally, the appendix contains a benchmark study examining the capability of 

commercially available finite element analysis software to predict fracture for structures sub-

ject to an evolving state of stress. The benchmark study models novel large-pendulum impact 

experiments on full-scale ship structures. 

1.1 Terminology, Definitions and Background 

A limit state represents the state of a structure for some potential failure. If a limit state is 

realized, then the structure can no longer fulfil its intended function and is said to have failed. 

Limit states design attempts to ensure that a structure’s capacity to withstand a particular limit 

state (e.g., elastic buckling, plastic collapse, fatigue failure, etc.) is greater than the demand 

placed on the structure. Limit states design typically includes the use of safety factors to ac-

count for uncertainty in structural strength and/or in the applied loads. 

Structural limit states are generally divided into four basic categories: Serviceability Limit 

States (SLS), Fatigue Limit States (FLS), Ultimate Limit States (ULS), and Accidental Limit 

States (ALS). SLS are defined such that if exceeded, the normal operation of a structure is 

impaired. FLS are associated with fatigue related damage to structures. ULS are typically as-

sociated with structural collapse failures resulting from overload. ULS are not directly a con-

cern of this report, however accidental actions that may lead to ULS are. ALS are the focus of 

this report. ALS result from accidental actions (e.g., abnormal events such as fire, collision, 

grounding, and explosions) that either directly or indirectly cause excessive structural damage 

that endangers the safety of personnel, the structure, and/or the environment. One example of 

many is fire. Fire may not directly affect the load applied to a structure, but it may compromise 

the strength of the structure resisting the applied load. Another example is a dropped object, 

which obviously directly affects the loads applied to the struck structure. 

With respect to ALS, failure occurs when the main safety functions of the structure are impaired 

by the accident. The primary ALS design requirement is avoidance/minimization or loss of life, 

pollution, and significant economic losses. To accomplish this, appropriate accidental limit 

states (ALS) for the structure must be defined and not practically exceeded. Foreseeable acci-

dental actions and their effects must be addressed in the design of ships and offshore structures. 
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2. PRINCIPLES, STANDARDS AND RULES FOR ALS 

This chapter gives an overview of the principles, rules, and standards applicable to design for 

accidental events for ships and offshore structures and identifies known shortcomings and 

problems with the current approaches. Where applicable, guidance and recommendations are 

also provided. Design standards provide good explanations of the principles underlying the 

design for accidental events and are referenced in this chapter. Accidental events are addressed 

differently in the design of offshore facilities, ships, and other assets like fish farm as well as 

floating bridges. 

2.1 Design for Accidental Limit States 

As described in ISO 19900 (2019) “The aim of the design of a structure against accidental loads 

is to ensure that the accidental action does not lead to the complete loss of integrity or perfor-

mance of the structure and related maritime systems”. It shall prevent that an incident develops 

into an accident disproportional to the original cause and shall ensure a safety level where the 

main safety functions are not impaired by the accident or within a certain time following the 

accident. In other words, the intention is to prevent that the consequences of an accident are 

disproportional to the original cause and avoid loss of life, pollution, and significant economic 

losses. 

An accidental limit state is defined in relation to the danger of failure when the structure is 

subjected to an accidental action, and also in relation to the performance of the damaged struc-

ture when exposed to normal actions. As part of the design for accidents, engineers shall define 

an acceptance criterion to evaluate the performance of the damaged structure. Some examples 

are: the ability of a damaged structure to withstand environmental actions; critical deformation 

of structures or components following impact loads (collision or dropped objects) to avoid 

damage to other equipment such as risers, pipes etc.; critical deformation to avoid leakage of 

compartments with consequence of oil spill or loss of water tightness of a few compartments 

such that the stability of the unit is jeopardized; degradation of the resistance of a structure 

exposed to fire loads over a given time shall be smaller than the demand from functional loads 

and any environmental load to allow for safe evacuation; and the ALS checks include the iden-

tification and quantification of the design accidental action with a given annual probability of 

exceedance, the consequences on the structure, and assessment of the performance following 

the damage. 

NORSOK N-001 (2010) describes a two-step procedure to investigate performance against 

accidental events: 1. Resistance to accidental actions: the effects caused by accidental actions 

on the intact structure shall be determined; and 2. Resistance in damaged condition: following 

local damage which may have been demonstrated in the first step, or following more specifi-

cally defined local damage, the facility shall continue to resist defined environmental condi-

tions without suffering extensive failure, overall collapse, free drifting, capsizing, sinking or 

extensive damage to the external environment (i.e. pollution). 

2.2 Design Standards, Classification Rules and Guidelines 

Offshore structures are designed and assessed against international standards such as NORSOK 

N-series, ISO 1990X (series of standards for offshore structures) and API (American Petroleum 

Institute). Accidental actions are explicitly addressed in these standards, which provide an 

overview of the design scenario and approaches that can be used to identify and assess the 

effects of accidental actions. 

The most relevant standards providing provisions and instructions related to Accidental Limit 

States are: API RP 14J – Recommended Practice for Design and Hazards Analysis for Offshore 

Production Facilities (2001); API RP 2FB – Recommended practice for the design of offshore 

facilities against fire and blast loading (2006); NORSOK N-001 Integrity of Offshore Struc-

tures (2010); NORSOK N-003 Actions and Action Effects (2017); N-004 Design of steel 
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structures (2004); Z-013 Risk and emergency preparedness assessment (2010); ISO 19900 

General requirements for offshore structures (2019), ISO 19901-3 Specific requirements for 

offshore structures – Part 3: Topsides structure (2014); ISO 19902 Fixed steel offshore struc-

tures (2020); ISO 19903 Concrete offshore structures (2019); ISO 19904-1 Floating offshore 

structures – Part 1: Ship-shaped, semi-submersible, spar and shallow-draught cylindrical struc-

tures (2019); ISO 19905-1 Site-specific assessment of mobile offshore units – Part 1: Jack-ups 

(2016); ISO 19905-3 Site-specific assessment of mobile offshore units – Part 3: Floating units 

(2021); and ISO 19906 Arctic offshore structures (2019). 

Classification Societies have developed their own requirements typically reflecting the above 

standards. Examples of such standards are DNV GL Offshore Standards (DNVGL-OS Series), 

ABS Rules for Building and Classing Offshore Installations, and Lloyd’s Rules for the Classi-

fication of Offshore Units. In some cases, differences between standards and corresponding 

rules can be found; examples are the demand for energy dissipation during a collision event 

specified in the DNV GL Offshore Standard and NORSOK. Another difference is the loading 

condition for the post accidental capacity check. For example, NORSOK N-001 specifies a 

100-year load (without material and load factor) for correlated events while DNVGL-OS-C101

(2019) indicates 1-year actions. These differences are further addressed in DNVGL-SI-0166

(2018), which addresses the compliance with Norwegian Shelf regulations.

Guidelines and methodologies addressing accidental events can be found in various Recom-

mended Practice and Guidance Notes issued by the Classification Societies. Some examples 

(not an exhaustive list) are: DNVGL-RP-C204 (2019) and DNVGL-RP-C208 (2019), ABS’s 

Guidance Notes on Accidental Load Analysis and Design for Offshore Structures (2013a) and 

Lloyd’s Register’s Guidance Notes for Calculation of Probabilistic Explosion Loads (2015). 

The practice followed in the shipping industry is generally based on prescriptive requirements 

derived from experience. International standards (e.g. SOLAS (1974) and MARPOL (1973)) 

and Classification Society Rules (such those by DNV GL, Lloyd’s Register, ABS, and RINA) 

provide the framework for consideration of accidental limit states. In this context, design meth-

odologies explicitly incorporating ALS considerations have not been widely adopted in the 

shipping industry, but design against accidental events is implicitly addressed by the prescrip-

tive requirements such as the depth of the double side and double bottom, location of cargo 

containment system etc. Different requirements may be expected depending on the type of ship. 

There is however a growing interest in the use of direct analysis to explore specific items re-

lated to accidental scenarios which are not fully reflected or covered by today’s regulations. In 

relation to an accidental event, equivalent strength studies can be performed to document suf-

ficient protection of the cargo containment system or gas fuel tanks for designs deviating from 

prescriptive requirements, or to document sufficient protection for battery systems for hybrid 

propelled ships as well as protection of LNG fuel tanks against dropped objects. Lloyd’s Reg-

ister (2016) describes a procedure for assessing equivalent protection of fuel tanks. 

Besides the traditional oil and gas and maritime facilities, other types of installation are being 

designed to operate at sea. Offshore wind turbines, fish farms and floating bridges are example 

of structures that are also exposed to accidental events, and therefore such threats must be ad-

dressed in the design phase. 

2.3 Design against Accidental Events for Offshore Facilities 

The following sections describe the accidental events to be addressed when designing an off-

shore facility. Attention is given to the design principles, methodologies, and recommended 

practice. 

2.3.1 Design accidental actions and probability of occurrence 

NORSOK N-001 (2010) indicates that offshore facilities shall be designed addressing acci-

dental events with associated effects. Relevant accidental actions should be determined by risk 
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assessment and relevant accumulated experience. Typical accidental actions to be addressed in 

the design phase are collision, grounding, dropped object, fire, explosion, unintended flooding, 

loss of heading (dead ship scenario), and other relevant events. Depending on the type, offshore 

facilities and load bearing structures are exposed to different types of actions characterized by 

different probability levels. Only accidental actions are meant to be included in the ALS as-

sessment. Other actions may be covered by the design process and ultimate limit state (ULS) 

assessments. 

ISO 19902 (2007) gives a categorization of events in terms of probability of occurrence and 

with this criterion three groups are defined: 1. Hazards with a probability of occurring or being 

exceeded of the order of 10-2 per annum (return periods of the order of 100 years); 2. Hazards 

with a 10 to 100 times lower probability of occurring or being exceeded, i.e. probabilities of 

the order of 10-3 to 10-4 per annum (return periods of the order of 1 000 to 10 000 years); and 

3. Hazards with a probability of occurring or being exceeded markedly lower than 10-4 per 

annum (return periods well more than 10 000 years). These probabilities (return periods) are 

an indication of the order of magnitude rather than as precise numbers, since accurate databases 

for such low probabilities of occurrence rarely exist. 

As indicated in NORSOK N-003 (2017), Section 9.1, the ALS design check should be carried 

out with a characteristic value for each accidental action, which corresponds to an annual ex-

ceedance probability of 10-4 for the installation; hence covering the hazards belonging to group 

2 in the above list. Accidental actions with a characteristic value falling into Group 2 are cov-

ered by the design against accidental events, while group 3 is typically neglected in the design 

phase and group 1 is covered by the design process. 

2.3.2 Collision 

Design principles and dissipation of strain energy 

Iceberg and ship collision actions are described in DNVGL-RP-C204 (2019) as complex events 

characterized by an initial kinetic energy, governed by the mass (including hydrodynamic 

added mass) and the velocity of the striking body at the instant of impact which needs to be 

dissipated during the impact. Depending on the impact conditions (direction, eccentricity, 

masses of the two bodies, etc.) part of the kinetic energy may remain as kinetic energy after 

the collision. The remaining energy must be dissipated as strain energy (deformations) of the 

two objects. Eccentric collision with respect to colliding ship’s centre of gravity will yield 

smaller demands for strain energy dissipation compared to centric collision. For simplicity, 

these processes are often decoupled into external dynamics and internal mechanics. The former 

considers rigid body motions of the impacting structures and determines the amount of energy 

to be dissipated as strain energy and may depend on the type of installation, impact direction, 

mass of the objects and their hydrodynamic masses, and the impact speed. The latter deals with 

the dissipation of strain energy by structural deformation prior to onset of a failure mechanism 

or exceedance of a given acceptance criterion related to stability, pollution, or load bearing 

capacity following the accident. 

Simplified equations accounting for the external dynamics in a decoupled approach are given 

in DNVGL-RP-C204 (2019) and NORSOK N-004 (2004). Assuming a central impact, the 

strain energy that shall be dissipated during the impact can be computed from the masses, 

speed, and hydrodynamic masses for different types of installations such as complaint, single 

point anchored reservoirs (SPAR) platforms, and fixed and articulated structures. Additional 

discussion about the external dynamics is given in Section 4.1.1. 

The distribution of deformation energy between the two colliding objects is governed by their 

relative strength. Typically, the softer structure deforms more, contributing to the energy dis-

sipation by structural deformation. When it comes to the energy dissipation, an illustrative de-

scription of design strategies is given in NORSOK N-004 (2013), and represented here in 
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Figure 1. These principles apply to various collision scenarios, including ship-to-ship, offshore 

structure-to-visiting ship, ship/offshore structure-to-iceberg, ship to bridge etc., and can also 

be extended to dropped objects and grounding. 

The structure can be designed according to ductile, shared energy, and strength design schemes. 

These three schemes will set different demands on the structural design to achieve the desired 

energy dissipation depending on the relative strength between the involved objects. 

 

Figure 1: Illustration of ductile, shared-energy, and strength design  

(NORSOK N-004:2004, 2004). 

 

In ductile design, the structure is designed to dissipate all the available impact energy by un-

dergoing significant deformations; in this case the striking object (visiting ship or iceberg) can 

be simplified as rigid. Consequently, the demand on deformability may be increased (i.e., wider 

double side) to avoid, for example, premature oil spill. Conversely, in strength design, the 

structure is designed to withstand the collision load with small, or no permanent deformations. 

Hence, it must be designed to resist a given action similar to a ULS scenario. In this case the 

striking object is “crushed” and dissipates the majority of the impact energy. A shared-energy 

design implies that both objects are deforming, and thereby both are contributing to the energy 

absorption. This can be investigated in several ways by considering simplified methods (see 

Figure 2) or more advanced methods such as nonlinear finite element analysis where both ob-

jects are explicitly modelled and, in case of iceberg collision, a constitutive model for the ice 

is implemented. 

The structural response of the visiting ship and installation can be illustrated by the load-defor-

mation relationship shown in Figure 2 and the strain energy dissipated by the ship and instal-

lation equals the total area under the load-deformation curves. The load-deformation relation-

ship for the ship and the installation is often established independently of each other assuming 

the other object to be infinitely rigid (continuous lines in Figure 2); this has, however, some 

limitation as, in reality, both structures will dissipate energy and the relative strength may also 

change with the progressive deformation and changes in the contact surface (dashed lines). 
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Figure 2: Dissipation of strain energy, Es, in ship and platform (DNVGL-RP-C204, 2019). 

 

Collision actions and design energy 

Reflecting the hazard characterization described in section 2.3.1, ISO 19902 (2020) and Veritec 

(1988) describe the collision events that shall be considered in the design process in terms of 

energy and occurrence:  

A low-energy collision (≤ 1 MJ), representing the most frequent condition, are typically caused 

by small vessels with impact speeds related to normal operations. The associated probability 

of occurrence is larger than 10-2 per annum (return periods of the order of 100 years) and are 

covered by the normal design. 

Accidental collision is often associated with a high energy level, representing a rare condition 

based on the type of vessel operating in the proximity of the installation and drifting out of 

control in the worst sea state or with head-on speed. The probability is in the range of 10-4 and 

these collisions are covered by the ALS checks. 

Catastrophic collision which results in the total loss of the platform and with a frequency sig-

nificantly lower than 10-4 are typically not covered in the design. 

Additional events to consider are passing ships, shuttle tanker collisions, Floatel and facility-

facility collisions. Traditionally, the generic collision load event was based on a 5000 tonne 

offshore supply vessel (OSV) with a drifting speed of 2 m/s (ISO 19902 (2020), NORSOK N-

003 (2017), DNVGL-OS-A101 (2019)), however ISO specifies that “the representative veloc-

ity and size of the vessels used for impact analyses should correspond to those used in the 

operation and servicing of the platform.” while DNVGL-OSA-101 indicates that “In applica-

tions where supply vessels are of much larger size this will need to be accounted for in defining 

the collision load.” The concerns related to the size of the OSV, and hence available collision 

energy, and type of bow design are explicitly addressed in other references. 

A comprehensive Guidance Note for risk-based collision analysis was published by Lloyd’s 

Register (2014a). The guidance provides a summary of recognized and practiced guidelines on 

risk assessment and numerical analysis. The guidance highlights that in previous years, the size 

of the supply vessels operating on the Norwegian and UK continental shelves has increased 

and vessels in the range of approximately 8000 tonnes are now normal. The Guidance Note 

points out that additional research was recommended to assess in greater detail the influence 

of bow design (e.g., axe vs bulbous vs raked, ice reinforced vs non-ice reinforced, forecastle 

location, size, and stiffness, etc.) on energy dispersion and associated load-indentation. 

NORSOK N-003 (2017), indicates design energy levels for vessel collision to be used unless 

further evaluations are performed. For a visiting supply vessel and intervention vessel, the 
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indicated value is 50 MJ (for head-on impact). This corresponds to a 10000 tonne OSV with a 

speed of 3 m/s. For side and stern impact, the speed remains 2 m/s. 

It is worth nothing that with regard to stability and subdivision for floating offshore units, 

NORSOK N-003 (2017) addresses the case where the risk analysis shows that the greatest 

relevant accidental collision event is a drifting vessel with a displacement exceeding 5000 

tonnes. In this case the prescriptive requirements given in Norwegian Maritime Directorate 

regulations (1991) cannot be applied and damage has to be calculated based on the collision 

energy from the risk analysis. 

NORSOK N-003 (2017) addresses the difference between ship bow designs and implications 

with respect to their collision resistance (via load-indentation curves). Traditionally, a raked 

bow vessel was used as a basis to define the design collision event. Bulbous bow and ice rein-

forced vessels shall now be considered when defining the collision load. These designs are 

characterised by a different (likely stiffer) collision response compared to the raked bow. This 

aspect is addressed in the recommendations on ship collision given in DNVGL-RP-C204 

(2019) which includes updated typical force-deformation relationships for standard supply ves-

sels with a displacement of 6500 to 10000 tonnes for broad-side, bow, stern end, and stern 

corner impact. Force-deformation curves for bulbous bow with and without ice class are also 

included and are shown here in Figure 3. The bow deformation curve for a raked bow without 

bulb may be used to represent the resistance of the forecastle of the supply vessel. 

 

Figure 3: Recommended resistance curve for OSV DNVGL-RP-C204 (2019). 

 

The presented curves are determined from bow, side, and stern FE models of a representative 

North Sea OSV. The FE models are included in the DNV GL library of FE models suitable for 

collision analysis and are part of the DNVGL-RP-C208 (2019). The models are available in 

ABAQUS and LS-DYNA formats. The curves indicate a significant increase in the OSV re-

sistance compared to the traditional raked bow vessel. This, together with the increasing de-

mands for collision energy, may imply that the facility should be designed following a “strength 

design approach”. 

Platform legs or braces often experience impacts, and the dissipation of impact energy can be 

classified as local denting or bending of the members. To establish the energy dissipated by a 

standard OSV bow (i.e. not ice reinforced) as a function of the brace bending resistance R0, 

DNVGL-RP-C204 (2019) includes an updated table describing the energy dissipated in the 

eventuality of an impact with the bulb of an OSV (previously only raked bow type of vessels, 

i.e. resistance above the main deck, was covered). A corrective factor is proposed to account 

for an ice reinforced OSV. Local denting can also contribute to energy dissipation. This con-

tribution is often small for brace members in typical jackets and should be neglected. Force-

deformation relationships for denting of tubular members are also given and local denting may 

be disregarded if the denting compactness given in the code is fulfilled. This approach is con-

sidered to be generally correct for braces or sections with small diameter, but additional 
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consideration should be made when considering large diameter tubes as, for example, jacket 

legs, where some denting is likely to occur before onset of bending deformations. Neglecting 

this aspect would overestimate the local resistance predicting deformation of the striking vessel 

structure. DNVGL-RP-C204 (2019) and NORSOK N-004 (2013) also provide failure criteria 

for the deformation member; such as joint failure and denting cannot exceed ½ of the diameter. 

Tensile failure is currently not discussed in the last revision of the DNVGL-RP-C204 (2019). 

When structures are analyzed with nonlinear finite element analysis, suitable tensile failure 

criteria and material characterization are given in DNVGL-RP-C208 (2019). Storheim et al. 

(2018) have performed a critical analysis of the material characterization offered in DNVGL-

RP-C208 (2019) and compared them with other models used in the engineering community 

and academia. They conclude that material model properties and fracture criterion specified in 

the new RP-C208 are unnecessarily conservative. 

2.3.3 Dropped object 

The dropped object load is defined by the kinetic energy of the falling object, determined by 

the mass and the speed at the instant of impact. Most of the kinetic energy must be dissipated 

as strain energy in the impacted member and, in some cases, by the dropped object itself. The 

principles on the relative strength explained in Figure 2 also apply to the present case. The 

object may be modelled as rigid or deformable, depending on the circumstances. For example, 

a container may be modelled as deformable while a hammer used on a wind turbine installation 

vessel may be assumed to be rigid. DNVGL-RP-C204 (2019) recommends assuming mean 

material properties for the object while modelling the characteristic strength of the impacted 

structure. Large deformation and fracture may often be accepted; the dropped object shall not 

fall through the impacted structure and the impacted structure should not hit important inven-

tories or structures underneath (with some margin). As an additional safety factor, DNVGL-

RP-C204 (2019) recommends that the "limiting impact energy for violation of the acceptance 

criteria is reduced by 20%”. Dropped objects are rarely critical to the global integrity of the 

structure but may lead to puncturing of the buoyancy tanks, jeopardizing the stability of a float-

ing installation. It should be noted that puncturing of a single tank is normally covered by the 

general stability requirements. 

2.3.4 Fire loads and explosion 

Fire and explosion events are associated with hydrocarbon leakage from flanges, valves, equip-

ment seals, nozzles, etc. The accidental actions resulting by the combination of the two shall 

also be considered. The structural layout should be selected to limit the effect of fire and ex-

plosion. 

The design fire action can be described in terms of the thermal flux as function of time and 

space, or as a standard temperature-time relation. The fire load leads to temperature rise in 

exposed members which causes the structural resistance to degrade. The temporal and spatial 

variation of the temperature depends on factors such as the fire intensity and insulation. The 

degradation of the structural resistance over a certain time should be limited to allow for safe 

evacuation or shall be smaller than the demand for functional and environmental loads. Proce-

dures to evaluate structural resistance against fire loads is given in Eurocode EN 1991-1-2 

(2002) and EN 1993-1-2 (2005). Material degradation data as function of the temperature, for-

mulae to calculate the temperature increase in members, and design formulas to calculate the 

time that such members can withstand the given fire loads are given. Such calculations can also 

be performed by using nonlinear FE analysis. DNVGL-RP-C204 (2019) includes an updated 

section on design against accidental fire with guidelines on the (a) combustion process analysis, 

(b) heat transfer analysis, and (c) structural integrity using nonlinear FE analysis. To account 

for the effect of residual stresses and fabrication imperfections, the buckling resistance shall be 

modelled with an equivalent imperfection. The material modelling refers to the stress strain 

relationships given in EN 1993-1-2. A comprehensive Guidance Note for risk-based analyses 
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of fire loads and protection was published by Lloyd’s Register (2014b). These guidelines ad-

dress the type of fires, design conditions, fire protection system and principles, design loads, 

mitigation measures, and calculation of response to fire load. The guidance is aligned with 

Eurocode. 

Although full CFD fire simulation can be used to capture a more realistic exposure of the struc-

ture to the thermal environment during a fire, the computational cost generally makes this im-

practical for most industrial applications. The gap between a full-blown CFD and practical 

engineering tools is large at this time and requires further research. Recently, Hodges et al. 

(2019) developed a reduced-order neural network driven approach to capture temperatures and 

velocities within a compartment that closely mirrors the results of CFD analyses. 

Aluminum structures are particularly susceptible to fire due to a loss in modulus at tempera-

tures as low as 200°C. Rippe and Lattimer (2021) developed a material model capable of cap-

turing the post-fire degradation of 6061-T6 due to different levels of thermal exposure. 

The design accidental explosion may be given as an average pressure with a certain duration 

over a structural member. The damage should be determined considering the system dynamics 

and when found necessary, nonlinear FE analysis should be applied. Lloyd’s Register (2015) 

issued a Guidance Note for risk-based analysis of explosion loads with recommendations re-

garding the definition of the loads and applications. 

2.3.5 Wave-in-deck loading – Current industry practices 

Special consideration is required to assess possible abnormal environmental conditions or un-

foreseen action effects at an annual exceedance probability of 10-4, e.g., by model testing for 

new and novel concepts. The offshore industry is currently exploring in deeper waters as well 

as harsher environments than they traditionally have. The target return period of waves for the 

design of structures has also increased over the years. For existing offshore fixed platforms, it 

is very common that the air gap is not adequate and design event extreme/abnormal waves will 

inundate the deck resulting in large wave-in-deck. 

One of the major challenges that the industry faces for life extension projects is to demonstrate 

the suitability of the aged platforms for an increased design return period, air gap and possible 

wave-in-deck loading. Wave-in-deck loading arises when there is insufficient air gap for the 

crest in an extreme event to clear the platform topsides deck, leading to very large impulsive 

loads. Most of the existing jacket structures have been designed based on the requirements of 

API RP 2A (the latest version of which is API RP 2A (2014)) that historically required a min-

imum air gap of 1.5 metres for a design wave of a 100-year return period. However, these 

requirements are valid mostly for the Gulf of Mexico region where extreme events are hurri-

cane dominated. The platforms in these regions are de-manned prior to occurrence of an ex-

treme event as the path of hurricanes may be accurately predicted well in advance. This crite-

rion would not be valid for regions like the North Sea where there is higher uncertainty for the 

prediction of extreme wave events. The New Year Wave that hit the Draupner platform on 1st 

January 1995 attracted a lot of research interest in the area of extreme wave events. The current 

codes such as NORSOK N-003 (2017) and ISO 19902 (2020) require a positive air gap with 

an annual probability of exceedance of 10-4 as part of the ALS strength requirements. However, 

the determination of the crest wave heights, wave properties, wave particle kinematics, and the 

derivation of associated wave in deck loads for an abnormal wave have always been a chal-

lenge. 

ISO 19901-1 (2015) gives guidance on derivation of the maximum height of an individual wave 

for long return periods. The standard recommends that the method employed for derivation of 

the crest height should account for the long-term uncertainty of occurrence of a storm event 

and the short-term uncertainty in the severity of the occurrence of a maximum wave within a 
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given sea state or storm. Both NORSOK N-003 (2017) and ISO 19901-1 (2015) recommend a 

Forristal distribution for statistical modelling of waves in a short-term sea-state. 

The latest API RP 2A WSD 22nd Edition (2014) recommends for new platforms in the Gulf 

of Mexico that the elevation for the underside of the deck shall not be lower than 1000-year 

return period maximum crest elevation. It also recommends that site-specific data should be 

developed in accordance with the requirements of API RP 2MET (2019). 

Several joint industrial projects have been undertaken by leading international experts and ma-

jor oil companies. The most recent being the CREST JIP, SHORTCREST JIP, BREAKIN JIP 

and LOADS JIP. The results and conclusions of the JIPs are yet to be harmonised with latest 

codes and practises. 

Haver (2019) studied various met-ocean induced uncertainties affecting the prediction of air-

gap and the major uncertainty is related to the adequacy of second-order wave theory. The 

paper recommends an increase of 5-10% on the predicted wave crest elevation for a robust 

design to account for these uncertainties. L. A. Pangestu et al. (2020) studied the significant 

difference in the calculation of wave force between the API RP2A-WSD based silhouette 

method and detailed component method. The simulation was carried on two fixed platforms 

situated in South China Sea. The silhouette method assumes the deck is simplified as a silhou-

ette with suitable projected areas facing the wave crest as compared to detailed component 

method which calculates wave forces on individual topside elements. The results indicated that 

the detailed component method is less conservative than the silhouette method, showing lesser 

reduction to the reserve strength ratio (RSR). The detailed component method is dependent on 

the individual topside arrangements and hence indicates a more realistic estimate of the RSR 

under wave in deck loading. Ma and Swan (2020) illustrate an extensive laboratory study un-

dertaken for improving the physical understanding of the wave-in-deck loading for a wide 

range of sea-state severity. The research attempts to address the nonlinear amplification of crest 

elevations beyond second order and the occurrence of wave breaking in both intermediate and 

deeper waters. The study shows that the wave in deck loads are dependent on the wave shapes 

and the water particle kinematics at the highest elevations within the wave crest. At the extreme 

sea-states, both the wave shapes (steepness) and higher crest velocities lead to wave breaking. 

A breaking wave-in-deck is an entirely different loading scenario compared to that of the tra-

ditional regular-wave based load estimation which is less conservative. The paper suggests 

detailed model testing to establish relevant wave-in-deck loads for design or reassessment. 

Otherwise, extensive and problem-specific calibration of the forces from regular wave assess-

ment is required for a realistic estimate of wave-in-deck loads. 

2.4 Design against Accidental Events for Ship Structures 

2.4.1 Liquified gas carrier 

The IMO International Code for the Construction and Equipment of Ships Carrying Liquefied 

Gases in Bulk (IGC Code) (2014) provides an international standard for the safe carriage, by 

sea in bulk, of liquefied gasses (and certain other substances). Already in the Preamble of the 

IGC Code it is noted that severe collisions or stranding could lead to cargo tank damage and 

result in uncontrolled release of the product. The IGC Code also recognizes the risks of fire 

and explosion as well as collision risk during berthing manoeuvres for ships at fixed locations 

(re-gasification or gas discharge operations). The purpose of the IGC Code is to minimize these 

risks. The IGC Code prescribes hazardous areas where an explosive gas atmosphere may be 

expected. Ship types are classified according to the transported gas and are denoted as type 1G, 

2G, 2PG and 3G. A Type 1G ship is a gas carrier intended for the transportation of products 

considered to present the greatest overall hazard. Types 2G/2PG and type 3G ships carry prod-

ucts of progressively lesser hazards. The type of ship defines requirements with respect to the 

location of the cargo containment system, damage stability, and flooding. 
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The cargo containment system shall meet the criteria for collision, fire and flooding as defined 

by the IGC Code. Considering collision loads the IGC Code prescribes the collision load to be 

determined on the cargo containment system under the fully loaded condition with an inertial 

force corresponding to 0.5g in the forward, and 0.25g in the aft direction (where g is gravita-

tional acceleration). Considering fire on board, the Code requires resistance to fire and flame 

spread, including a need for electrical apparatus considerations in the hazardous area. For a 

novel design cargo containment system configuration, a Load and Resistance Factor Design 

format is applied. At the same time, both 3D finite element and hydrodynamic analyses are 

required for identification of all the failure modes. 

2.4.2 Gas fuelled ship 

The IMO International Code of Safety for Ships using Gases or other Low-flashpoint Fuels 

(IGF Code) (2015) is the only document issued by IMO which addresses gas as a fuel and 

describes the functional requirements to be met for natural gas fueled ship. The current version 

includes regulations to meet the functional requirements for natural gas fuel. Regulations for 

other low-flashpoint fuels will be added to this Code as, and when, they are developed by the 

Organization. In the meantime, for other low-flashpoint fuels, compliance with the functional 

requirements of this Code must be demonstrated through alternative design. As stated in clause 

3.2.1 “The safety, reliability and dependability of the systems shall be equivalent to that 

achieved with new and comparable conventional oil-fueled main and auxiliary machinery.” 

Chapter 5 regulates the ship design and arrangement with specific measures to protect the fuel 

tank(s) and piping from mechanical damage caused by collision and grounding and gives 

measures to guarantee sufficient ventilation to prevent accumulation of escaped gas. Further it 

stipulates that machinery spaces shall be designed to minimize the probability of gas explosion. 

In addition, Section 5.3.1 states “Fuel storage tanks shall be protected against mechanical dam-

age.” Prescriptive requirements to protect tanks from external damage caused by collision or 

grounding are included in Section 5.3.3 where minimum distance from the outer shell are spec-

ified (B/5 or 11.5 m, whichever is less, from the side of the ship). This has become industry 

practice. 

No requirements are given in the IGF code with respect to protection against dropped objects, 

however a risk assessment shall be carried out to investigate potential hazards. It is believed 

that the threats to the natural gas tank from a dropped object depend on the actual operating 

profile for the ship, as well as lifting operations; hence making difficult to establish general 

criteria which can ensure a sufficient level of safety for all operating profiles. The operating 

profiles shall be considered when establishing an appropriate prescriptive requirement aimed 

at preventing damage to the tank and further escalations. Possible hazards related to dropped 

object and protection should be addressed by the designer. 

DNVGL-RU-SHIP Pt.6 Ch.2. (2020) provides criteria for safe and environmentally friendly 

systems using natural gas as fuels. This includes LNG (Section 5), Low-flash point liquid (Sec-

tion 6) in supplement to the IGF Code, Gas ready (Section 8), and Gas fueled ship installations 

– Gas fueled (Section 13). In general, these rules cover several aspects of the systems including 

accidental design conditions for the containment system such as collision load (i.e., design 

acceleration) and fire and flooding. For LNG, collision and grounding protection for fuel tanks 

are generally covered by statutory requirements (i.e., thee IGF Code). These rules explicitly 

cover the prescriptive requirements for liquified petroleum gas (LPG) fueled vessels which are 

not formally covered by the IGF code. The arrangement shall ensure that the probability for 

the tank(s) to be damaged following a collision or grounding is reduced to a minimum, taking 

into account the safe operation of the ship and other hazards that may be relevant to the ship. 

The given prescriptive requirements are in line with the provisions given by the IGF code for 

natural gas and, as an alternative, a probabilistic method is given to calculate an acceptable 

location for the fuel tanks. 
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Lloyd’s Register’s Guidance Notes for Collision Assessment for the Location of Low-flash-

point Fuel Tanks (2016) address aspects of ALS design for gas fueled ships. In cases where the 

prescriptive requirement cannot be satisfied, these rules, in accordance with the IGF Code, 

allow consideration of a ‘reduced distance’ by use of a probabilistic calculation. Where space 

is limited, both the prescriptive and probabilistic requirements on fuel tank location can be 

difficult to meet. However, if the hull structure in way of the tank is strengthened, higher col-

lision resistance is provided. This can reduce damage penetration from a striking ship and may 

allow a ‘reduced distance’ to be considered. Lloyd’s Register (2016) describes a procedure for 

assessing equivalent protection and determining the strengthening needed to reach an equiva-

lent level of safety according to SOLAS (IMO, 1974) Chapter II-1 Part B-1. 

2.4.3 Fuel cell 

The use of fuel cells is currently not covered by international conventions and hence such in-

stallations will require additional acceptance by the flag authorities. DNVGL-RU-SHIP Pt.6 

Ch.2 Sec. 3 (2020) provides additional requirements to those given in SOLAS Ch.II-2 (IMO, 

1974) with respect to fire safety. 

2.4.4 Seaborn transport of hydrogen and alternative fuels 

The use of alternative fuels such has ammonia and hydrogen will present challenges that need 

to be addressed in the near future. Although hydrogen is gradually becoming a popular topic 

as an alternative to traditional fossil fuels and towards the global reduction of CO2 emission, 

rules do not yet explicitly address the seaborn transportation of hydrogen. The International 

Convention for the Safety of Life at Sea ("the Convention") (i.e. SOLAS) (IMO, 1974) and the 

International Code for the Construction and Equipment of Ships Carrying Liquefied Gases in 

Bulk ("the IGC Code") (IMO, 2014) currently do not specifically provide requirements for 

carriage of liquefied hydrogen in bulk by sea: the code covers hydrogen in the scope, but cur-

rently lacks specific requirements for hydrogen. An IMO interim resolution (IMO, 2016) pro-

vides the only available guidelines for maritime transport of hydrogen (not as fuel). As ex-

plained in Section 2.1 of the interim resolution “The Interim Recommendations for the carriage 

of liquefied hydrogen in bulk have been developed based on the results of a comparison study 

of similar cargoes listed in chapter 19 of the Code”. This is intended to facilitate agreement for 

pilot ship and demonstration projects of long-haul carriage of hydrogen. Currently, hydrogen 

carriers are classified as a 2G ship, like LNG carrier. 

According to a recent report (Maritime Knowledge Centre et al., 2017), the storage tank sizes 

needed to accommodate these alternative fuels (ammonia, hydrogen) should be significantly 

larger compared with the marine diesel oil (MDO) tanks used in current ships so as to facilitate 

a reasonable operation range. For example, liquified hydrogen, having a density of 70.8kg/m3, 

would require 4.2 times the storage volume of MDO to achieve the same energy output. To 

accommodate larger storage volumes alternative arrangements that go beyond current empiri-

cally prescriptive B/5 or 11.5m rules must be employed (Vredeveldt et al., 2021). Moreover, 

this can affect computational methods that are used for assessment of equivalent safety, which 

are currently based on a simplistic rigid striking ship assumption (Lloyd’s Register, 2016). 

Further discussion of hydrogen as a ship fuel is given in section 5.10. 

2.4.5 Battery systems for electric propulsion ships 

In recent years there are an increased number of vessels in operation propelled by a hybrid or 

a fully electric system. The battery system, also called Electrical Energy Storage (EES) poses 

some concern related to potential accidental scenarios associated with the integrity of the EES. 

DNV GL Ship Rules, DNVGL-RU-SHIP Pt.6 Ch.2. Sec. 1 (2020) addresses several issues 

related to the arrangement of EES spacing. The arrangement of the EES spaces shall be such 

that the safety of passengers, crew and the vessel is ensured and, as well, addresses potential 

hazards such as gas development, fire, explosion, ventilation, and external hazards such as 

D
ow

nloaded from
 http://onepetro.org/snam

eissc/proceedings-pdf/ISSC
22V2/1-ISSC

22V2/D
011S001R

002/3099110/snam
e-issc-2022-com

m
ittee-v-1.pdf/1 by N

orw
egian U

niversity of Science & Technology user on 07 D
ecem

ber 2023



ISSC 2022 Committee V.1: Accidental Limit States 17 

 

 

 

 

 

 

water ingress and collision. Electrical Energy Storage (EES) spaces shall be positioned aft of 

the collision bulkhead. Boundaries of EES spaces shall be part of the vessel structure or enclo-

sures with equivalent structural integrity. 

2.5 Accidental Events for other Facilities/Structures 

Aside from the traditional oil and gas maritime facilities, ALS must be considered during the 

design of other types of offshore installations. Offshore wind turbines, fish farms and floating 

bridges are examples of structures that are also exposed to accidental events, and therefore such 

threats shall be addressed in the design phase. Due to the relative novelty of such construction, 

the regulatory framework is not as established as it is for more traditional marine structures. 

DNVGL-ST-0119 (2018) describes accidental loads for floating wind turbine structures. For a 

floating wind turbine unit, accidental limit states are survival conditions in a damaged condition 

or in the presence of abnormal environmental conditions caused by, for example: impacts from 

unintended collisions by drifting service vessels, unintended change in ballast distribution, loss 

of mooring line or tendon, dropped object, fire and explosion, as well as flooding. Primary and 

secondary structures near the waterline for wind turbine columns shall be designed for service 

vessel impacts as a normal event. Primary structure shall be dimensioned considering abnormal 

events, such as impact loads resulting from accidental events. In DNVGL-ST-0437 (2016), 

normal and abnormal events follow different philosophies in the definition of the characteristic 

impact energy, with the former being related to operating conditions and the latter to unin-

tended collision. Further discussion of offshore wind turbines is given in section 5.3. 

Accidental events/loads to be considered for the design and installation of floating fish farms 

are addressed in DNVGL-RU-OU-0503 (2018). The design shall comply with the generic 

safety principles described in DNVGL-OS-A101 (2019), as well as the requirements given in 

NS-9415 (Standards Norway, 2009). A risk assessment shall be carried out to identify hazard-

ous events that need to be covered in the design. This may include ship collision or other acci-

dental loads that can lead to progressive breaks, loss of the mooring lines, drifting, loss of 

stability and capsize, or sinking as well as escape of fish (i.e., by damaging the net pen). Further 

discussion of floating fish farms is given in section 5.6. 

2.6 Guidance and Recommendations for ALS Rule Design 

Present day standards and rules incorporate experience and knowledge and have matured over 

time and tend to follow and adapt to the industry needs. An example of this is the increased 

collision energy from 11MJ to 50MJ in the latest release of NORSOK N-003 (2017). Over 

time, engineering methods to solve practical problems evolve. For example, in the last two 

decades the use of complex nonlinear finite element analysis (NLFEA) has become more prom-

inent. Classification Societies have correspondingly developed Recommended Practices and 

Guidance Notes on the safe and reliable use of NLFEA. Examples are DNVGL-RP-C208 

(2019) and ABS (2021). A different example is the development of an exhaustive section on 

fire loads in DNVGL-RP-C204 (2019). However, and especially in sectors where the frame-

work is defined by prescriptive requirements, industry needs may evolve at a faster pace than 

the supporting rules and regulations. The use of prescriptive requirements is challenged when 

novel cases are introduced, or in cases when the adopted operational profile does not corre-

spond to the one intended by the rules; examples are the use of fuel cells and seaborn transpor-

tation of hydrogen, which are presently not covered by international conventions. In other cir-

cumstances, such as the hazards related to dropped objects for LNG tanks installed on deck, a 

case-by-case assessment is required. Some cases, for example the use of battery powered pro-

pulsion abord ships, are partly covered by rules, but need further development. 

The use of direct analysis to explore specific items related to accidental scenarios not fully 

reflected or covered by today’s rules and regulations is increasing, however many such assess-

ments require more research to ensure that they are incorporating appropriate design and failure 
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criteria; an example is assessment of the effects of fire – either via simulation or other direct 

methods. 

3. HAZARD IDENTIFICATION AND RISK ANALYSIS 

This chapter reviews hazard and risk analyses for ships and offshore structures and identifies 

known shortcomings and problems with the current approaches. Where applicable, guidance 

and recommendations are also provided. 

3.1 Foundations 

Hazard and risk analyses are essential tasks for establishing new structural designs against ac-

cidental events for marine structures (Mousavi et al., 2017; Ozbas, 2013; Valdez Banda et al., 

2019). Hazard identification is the process of recognizing hazards that may arise from a system 

or its environment, documenting the related unwanted consequences, and analyzing their po-

tential causes (Siddharth et al., 2020; Valdez Banda et al., 2014). The hazards can be aligned 

to issues linked to the design and operation of the system. The analysis of hazards commences 

with a preliminary analysis in the early stages of a project and continues throughout the sys-

tem's life cycle. 

An important consideration in risk analyses concerns the conceptual understanding of risk and 

the corresponding risk perspective. Risk is understood as uncertainty about, and severity of, 

consequences with respect to something that humans value (Aven, 2010). The execution of the 

risk analysis provides the initial establishment of the risk picture; supports the comparison of 

different alternatives and solutions; identifies factors, conditions, systems, and design aspects 

that are critical with respect to risk; and demonstrates the effects on various measures on risk 

(Aven, 2015). Risk analyses provide a basis for choosing the optimal of various alternative 

design solutions in the planning phase of a system; the drawing of conclusions on whether the 

design solutions meet stated requirements; and the documentation of the acceptable risk level 

of the selected design solution. 

Hazard and risk analyses for structural designs against accidental events for marine structures 

need to consider the demands on the operation of the entire maritime ecosystem. Therefore, the 

implementation of systemic approaches to analyse and manage the risks is essential to the cur-

rent demands of maritime traffic operations. Hazard and risk analyses can be carried out at 

various phases in the lifetime of the ship or offshore structure and the entire maritime ecosys-

tem. The analyses start from the early concept design phase, through the more detailed planning 

phases and the constructions phase, and up to the operation and decommissioning phases. The 

fulfilment of regulatory requirements is an essential task of systemic hazard and risk analyses. 

This task is commonly aligned to the need for finding the right balance between ensuring safety 

and the costs for it. 

The approaches for analyzing hazards and risks are evolving to include understanding the de-

mands of the design and operation of marine structures considering the entire ecosystem. To-

day, hazard and risk analyses for accidental events for ships and offshore structures must con-

sider the introduction of higher levels of automation and more digitalized systems. Autono-

mous and remote-control ships have become a topic of high interest in the maritime transport 

industry. Recent progress in the development of technologies enabling autonomous systems 

and the development of smart ship concepts have culminated in the first fully autonomous ship, 

the MV Yara Birkeland (container vessel), recently completing its maiden voyage (Schuler, 

2021). However, one essential aspect for ensuring the correct functioning of autonomous ships 

is the management of risks and the assurance of safety. A criterion for an autonomous ship is 

that it be at least as safe as the most advanced crewed ships (Abilio Ramos et al., 2020; Chaal 

et al., 2020; Jalonen et al., 2017; Rødseth & Burmeister, 2015). This is an initial high-level 

demand that requires innovative approaches to analyse the risks and to develop the safety man-

agement strategies for autonomous/smart ships at the earliest design phase. 
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In the context of risk analysis, the International Maritime Organization (IMO) provides guide-

lines in the Formal Safety Assessment (FSA) (IMO, 2018). “The Formal Safety Assessment 

(FSA) is a structured and systematic methodology, aimed at enhancing maritime safety, includ-

ing protection of life, health, the marine environment and property, by using risk analysis and 

cost-benefit assessment.” (From Section 1.1.1 IMO, 2018). The FSA is utilized to perform a 

balanced analysis between various technical and operational issues, and between safety and 

costs (Purba et al., 2020). The FSA consists of five steps: 1. Identification of hazards; 2. Risk 

analysis; 3. Risk control options; 4. Cost-benefit assessment; and 5. Recommendations for de-

cision making (Section 3.1.1.1 IMO, 2018). In the context of hazard identification and risk 

analysis in accidental limit states, the structure of the FSA provides a supportive process for 

identifying and analysing the risks of collisions, groundings, explosions, and fires in ships and 

marine structures. 

3.2 The Importance of the System Description in Risk Analysis 

A clear understanding of the components and context of the system and their relation to acci-

dents is essential for defining the scope of the risk analysis and for identifying the main factors 

influencing the performance of the operations of ships and marine structures (Basnet et al., 

2020; Valdez Banda et al., 2019). The system description supports the delimitation of the scope 

of the maritime ecosystem that is covered in the context of the analysis. The system description 

should also be aligned with the analysis of selected accidents which can affect the resistance, 

integrity, and performance of ships and marine structures. Particularly, this focuses on the anal-

ysis of hazards and risks that may trigger accidental loads produced from collisions, ground-

ings, explosions, and fires. 

3.2.1 Collision 

Collision risk in the maritime industry has been studied extensively (P. Chen, 2020; Du, Goer-

landt, et al., 2020; Goerlandt et al., 2015; Goerlandt & Kujala, 2014; Paik, 2020c; Qu et al., 

2011; Szłapczyński & Szlapczynska, 2016; Y.-F. Wang et al., 2020). Analysis of historical 

accident data suggests that ship-to-ship collisions are the most common accidents occurring in 

the development of maritime traffic operations (Bakdi et al., 2019; Du, Valdez Banda, et al., 

2020; Goerlandt & Kujala, 2011). In order to better understand the cause of these accidental 

events, a clear description of the components of the system needs to be incorporated in the 

hazard and risk analysis. Ship-to-ship collisions and ship-to-marine structures collision is nor-

mally correlated with the ship traffic density of the area, ship manoeuvring operations (e.g., 

ship on meeting, ship passing, ship crossing, etc.), weather and navigational conditions (e.g., 

current, waves, visibility, ice, etc.), implementation of official navigational requirements (e.g., 

COLREGS and Traffic Separation Schemes), the coordination of support and assistance oper-

ations (e.g. piloting, VTS, icebreakers, etc.), and the influence of the human performance (e.g., 

the role of the master, officers and mariners influencing the manoeuvring of the ship). These 

are essential components that need to be considered for elaborating the system description in-

cluded in the hazard and risk analysis. 

3.2.2 Grounding 

Ship grounding is one of the most common maritime traffic accidents (Bužančić Primorac et 

al., 2020; Mazaheri, 2009; Pedersen, 2010). Ship groundings account for about one-third of 

commercial ship accidents (D. Jiang et al., 2021; Samuelides et al., 2009). Ship grounding is a 

type of marine accident that involves the impact of a ship with the seabed or waterway side. It 

results in damage of the submerged part of the hull and, in particular, the bottom structure, 

potentially leading to water ingress and compromise of the ship's structural integrity and sta-

bility. Grounding applies extreme loads onto ship structures and is a marine accident of great 

importance due to the potential impacts on the safety of crew, the ship, and the local environ-

ment. In less grave accidents, grounding might result in some local hull damage, however, in 

most serious accidents it might lead to oil spills, human casualties and total loss of the vessel. 
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Ship grounding events are categorized into two major groups: powered grounding and drift 

grounding. Powered grounding has the largest portion of total groundings (Bin Liu et al., 2021; 

Otto et al., 2002). It happens when the ship is moving forward (or backward) under its own 

power, and generally occurs because of navigational error. Errors in nautical charts or late up-

date of these charts is the other main reason for powered grounding. Drift grounding happens 

when the ship is not under its own power (for example due to mechanical problems) and drifts 

onto the coast or a shoal by current, wave and/or wind actions. In addition to mechanical failure, 

unfavourable weather conditions, failed anchoring and failed tug assistance might also contrib-

ute to the occurrence of drift grounding. Therefore, in the description of the system components 

connected to the main causes of accidental ship grounding, the overall scope covered is similar 

to that of ship collision, but it includes the essential elements of the hydrographical character-

istics of the area regarding navigation (e.g., navigation in shallow waters). 

3.2.3 Explosions 

Oil and gas are essential sources of energy that may be produced in demanding oceanic envi-

ronments where their extraction is linked to tasks with fire and explosion hazards (Czujko & 

Paik, 2015). Offshore platforms are the most likely structures to be exposed to hazards such as 

hydrocarbon explosion (Czujko & Paik, 2012). A number of major accidents involving off-

shore installations have been reported, such as the Piper Alpha accident of 6 July 1988 in the 

North Sea and the Deepwater Horizon accident of 20 April 2010 in the Gulf of Mexico. Explo-

sions generate extreme loads that pose a huge challenge for structural maritime engineers. In 

the systemic description for analysing the risk of explosion in the offshore industry, the main 

elements to be included in the analysis are those covered in the design, reassessment, and 

maintenance of offshore installations. 

3.2.4 Fire 

The development of safety strategies to prevent fire hazards on board ships has been tradition-

ally achieved through compliance with prescriptive rules issued by regulatory bodies (Azzi & 

Vassalos, 2011). The approach has now changed with the introduction of performance-based 

design for fire safety in the marine sector, which has instigated practical investment in preven-

tion (as opposed to mitigation) and triggered the wide demand and use of first-principles mod-

elling tools (Vassalos et al., 2010). The main elements to be included in the analysis of fire 

onboard ships include: potential sources of ignition; storing and protection of flammable ma-

terials; machinery spaces; fire detection devices; fire suppression; analysis of human factors; 

fire doors; response reaction plans; weather conditions; and location of the vessel (Ventikos et 

al., 2006). 

3.2.5 Smart/autonomous ships 

Studies have been conducted to analyse the risks associated with autonomous ships. Some of 

these include the analysis of safety risks for the general concept of autonomous ships; identi-

fying challenging aspects for the execution of operations and prevention of accidents (de Vos 

et al., 2021; Wróbel et al., 2016, 2017). Others include the analysis of safety risks for a partic-

ular type of vessel and its autonomous system; reviewing a semi-defined operative context and 

a determined escalation process representing diverse degrees of autonomy (Burmeister, Bruhn, 

& Rødseth, 2014; Burmeister, Bruhn, Rødseth, et al., 2014; Rødseth & Burmeister, 2015). 

Other studies focused on the challenges for transferring the roles of personnel involved in the 

management of safety to the foreseen operational context of autonomous vessels (Abilio Ra-

mos et al., 2019; Ahvenjärvi, 2016; Man et al., 2015; Utne et al., 2020; Wahlström et al., 2015). 

Some of these studies have presented analyses based on data lacking specific details about the 

autonomous ship and autonomous maritime ecosystem description (e.g. design characteristics 

of the ship, its operative context, and the practices for managing the safety of its operation), 

nevertheless, these studies have achieved the identification of safety gaps and challenges, and 

demands for the design for the autonomous maritime ecosystem. Further, some studies have 
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provided initial design solutions for managing the safety of autonomous shipping (Valdez 

Banda et al., 2019, 2021). These studies have also evidenced the need to design and implement 

methods and tools for systemic hazard and risk analysis that can support the design of such 

ecosystems. 

3.3 Hazard Identification 

Hazard identification is part of the definition of the accidental scenario and is a key task within 

quantitative risk assessment and management. Hazard identification recognizes the sources, 

causes, and potential consequences of hazards associated with accidents such as collisions, 

grounding, fire, and explosions. For example, collisions are an event where a striking structure 

is colliding with a struck structure and includes ship-ship collision (and allision), ship-offshore 

platform collision, ship-iceberg collision, offshore platform-iceberg collision, etc. The process 

for hazard identification commonly focuses on the collection and review of information about 

hazards in an operational context, information from safety reviews, reports of incidents and 

accidents, accident investigations, and preliminary analysis to discuss the implementation of 

changes in the operational context or during the development of new design concepts (OSHA, 

2016). It would be highly advantageous if an omnibus historical database of such material was 

available. Such a database would allow identification of the frequency (probability) of the cer-

tain accidents, and how accidental events can be formulated in terms of random parameters 

affecting the event. For example, for the case of ship-ship collisions, appropriate random pa-

rameters might be the size of striking and struck ships, speed of striking ship, types of ships 

involved, collision angle, collision location, etc. The existence of such a database would allow 

each of the individual parameters to be characterized in a probabilistic manner. However, the 

risk analysis is not dependent on the existence of available data. For cases where actual accident 

data are not available, it may be produced from simulations, drills and/or discussion with experts. 

In risk analysis, the initial step in the process is to define the type of accidents covered in the 

analysis. An accident represents an undesired and unplanned event that results in a loss; includ-

ing loss of human life or injury, property damage, equipment damage, environmental pollution, 

delays in system operations, and repair costs (Valdez Banda & Goerlandt, 2018). The accident 

identification specifies the accident types which may cause loss during the design and operation 

of the system. Commonly, the identification of accidents focuses on determining and describ-

ing the most critical accidents to be prevented and/or to provide a post-accidental response for. 

Hazard identification focuses on detecting those hazards which can lead to the defined acci-

dents. The aim is to detect a certain system state or set of conditions, which in a particular set 

of worst case conditions in the operational context, leads to the defined accidents (Leveson, 

2011). This enables the development of the initial systematic and systemic connection between 

the accidents and their linked hazards. 

3.3.1 Collision 

Collision risk is commonly associated with the identification of hazards such as weather con-

ditions (e.g., waves, currents, winds, light conditions, fog, ice, etc.); ship maneuvering opera-

tions (e.g., passing, meeting, crossing) which can be combined with a challenging operational 

context (e.g., navigation in a narrow fairway, traffic density, navigation in ice channel, etc.); 

and human erroneous performance (e.g., inadequate situational awareness, violations of 

COLREGs, inexperience, etc.). 

3.3.2 Grounding 

Grounding is commonly associated with hazards such as weather conditions (e.g., waves, cur-

rents, winds, light conditions, fog, sea ice drifting, tide, swell, availability of weather forecast, 

etc.); ship manoeuvring operations (e.g., passing, meeting, crossing); vessel specifications 

(e.g., length, breadth, draught and size); the route characteristics (e.g., traffic volume density, 

navigation in a narrow fairway, navigation in shallow waters, availability and quality of 
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nautical charts, etc.); human erroneous performance (e.g., inadequate situational awareness, 

violation of the traffic separation schemes, lack of navigational experience in the area, etc.); 

and availability and quality of assistance and support services (e.g., pilots, tugs, VTS, etc.). 

3.3.3 Explosions 

Explosions outside of the military domain can result from various causes, such as terrorism, 

ignition of fuel-air or dust-air mixtures, battery cookoff, etc. Explosions generate elevated lev-

els of pressure on surrounding structures and systems that are not limited to the immediate 

region of the explosion. Internal explosions typically result in high-pressure reaction products 

that transmit past the compartment or space in which the explosion occurs and propagate 

through doors, hatches, stairways, and other such boundaries. Often, such explosions are ac-

companied by fire. External explosions typically result in pressure waves that can cause dam-

age to topsides equipment such as radar systems and antennas far away from the source of the 

explosion. 

3.3.4 Fire 

The identification of fire hazards onboard ships is mainly related to the detection of potential 

ignition sources (Ventikos, 2013; L. Wang et al., 2021). Electricity is one of the main factors 

triggering the ignition process. Cigarettes, matches or similar smoking paraphernalia represent 

the second most common ignition source. The source is normally associated with the contribu-

tion of human factors to the occurrence of a fire incident. Another ignition source is related to 

the hot surfaces commonly associated to areas like kitchens/galleys and machinery rooms 

where heat coupled with cooling/ventilation system failures may stop providing the necessary 

support for safe performance. 

3.3.5 Autonomous/smart ships 

Initial analyses have identified a significant number of potential hazards in the design of new 

autonomous ship concepts and the design of their operational context (Abilio Ramos et al., 

2020; Fan et al., 2020; Thieme et al., 2018; Utne et al., 2020; Valdez Banda et al., 2019; Wróbel 

et al., 2018). Wróbel et al. (2017) used the Human Factors Analysis and Classification System 

for Marine Accidents (HFACS-MA) method and what-if analysis for over 100 reported mari-

time accidents. They limited their analysis to safety hazards and concluded that obtained results 

indicate that the introduction of unmanned vessels will be very challenging from the safety 

point of view. They also state that actions aiming at reducing accidents must be implemented 

at early stages of systems design. 

New intelligent ships have to consider the traditional hazards of manned vessels as well as the 

new hazards deriving from the new implementation of automated technologies and digitalized 

services. In preliminary hazard analysis for new autonomous ship concepts, studies have iden-

tified new hazards such as object detection sensor error; ship structural sensor status errors; 

erroneous software specifications; position reference equipment failure; unclear specifications 

of safety roles and responsibilities; insufficient specification for system robustness and redun-

dancy; and cyber safety and security issues. It is important to note that autonomous ships will 

also be dependent on the safety and reliability of systems that are not onboard the ships but are 

allocated elsewhere in the context of the autonomous maritime ecosystem. Thus, hazards linked 

to the functionality of satellite services, internet connectivity, intelligent equipment allocated 

in fairways, buoys, etc. need to be considered in the analysis of the risks of the autonomous 

ship operations (Thieme et al., 2018). In addition, as humans are transferred to a different sys-

tem area, the hazards from human erroneous actions need to be considered from an entirely 

new perspective (Porathe et al., 2018). 

3.4 Risk Analysis 

According to ISO 31000 (2018), risk is the “effect of uncertainty on objectives” and an effect 

is a positive or negative deviation from what is expected. Goerlandt and Montewka (2015) 
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provide nine definitions of risks: 1) risk is the expected value of the probability of an event 

occurrence and the utility of the consequences, 2) risk is defined risk as the probability of an 

undesirable event, or the chance of a loss, 3) risk is defined as objective uncertainty, i.e. a 

probability distribution over an outcome range (known through calculations or from statistical 

data analysis), 4) risk represents definitions where risk is equal to uncertainty, understood as a 

statistical variation compared with an average value, 5) risk is defined as the possibility of an 

unfortunate occurrence, 6) risk is the combination of the probability of occurrence of an event 

and consequences, without combining these in one unit, 7) risk is objective states of the world, 

which are considered existing independent of an assessor, 8) risk is the combination of events, 

consequences and the uncertainties of these, where uncertainty is understood as an assessor’s 

uncertainty about the occurrence of the events/consequences, and 9) risk is an effect on stated 

objectives (i.e. a consequence), due to the presence of uncertainty. 

In a risk analysis, risk is measured/described with the purpose of informing a decision. The 

overall aim of the risk analysis in the maritime industry is to identify and analyze the potential 

issues that could compromise the overall functionality of the maritime systems. Its aim is to 

support decisionmakers to avoid or mitigate the risks covered in the analysis (Goerlandt et al., 

2019; Goerlandt & Montewka, 2015). 

Quantitative risk analysis has been utilized to analyse the reliability and safety of the maritime 

ecosystem and its component. A quantitative risk analysis commonly follows a hazard identi-

fication, and it continues with a consequence assessment, probability calculation, and finally 

risk quantification (Meng et al., 2010, 2011; Nguyen et al., 2021; Qu et al., 2014). In some 

specific contexts (e.g. offshore structures), engineers may follow the indications given in de-

sign standards (ISO 1990X or NORSOK N-003 (2017)). An exercise of quantitative risk as-

sessment may also be carried out if there are other hazards not specified in the standards, or if 

something is not relevant for the given facility. 

3.4.1 Collision 

The overall methodology for ship–ship collision risk analysis as commonly applied in the mar-

itime industry includes the analysis of accident/incident frequency data, traffic data, accident 

frequency data, environmental data and analysis of the severity of the consequences (Goerlandt 

& Kujala, 2014). In a simplified description, the approach consists of finding a number of 

vessel conflicts in nautical traffic data and assigning a probability of collision to each of these 

conflicts to find a collision frequency. For the execution of this approach different methods are 

commonly utilized: 

Fuzzy quaternion ship domain in ship traffic data. It commonly focuses on the utilization of 

risk indices such as ship speed dispersion, ship acceleration/deceleration, and a vessel conflict 

index. 

Blind navigation collision candidates in ship traffic simulation. It focuses on the estimation of 

the ship–ship collision frequency by analysing the number of collision candidates, i.e., the 

number of pairwise vessel contacts in a given time period determined under the assumption 

that no evasive action is taken, and the so-called causation probability, defined as the probabil-

ity of failing to avoid a collision when on a collision course. Its value depends on the encounter 

type. 

Projected domain violation in ship traffic data. It focuses on the ship-ship collision frequency 

by analysing the number of vessel conflicts, the critical situation where a vessel is expected to 

enter another vessel’s ship domain in the next time interval, and the probability of failing to 

avoid a collision for a given vessel conflict. 

3.4.2 Grounding 

The analysis of the risk of ship grounding focuses mainly on the frequency and consequences 

of the accidental event. Normally, a frequency analysis can be conducted by utilizing historical 
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databases of grounding accidents and a consequence analysis can be performed using the non-

linear finite element method (NLFEM) modeling, or physical model testing. Specific parame-

ters must be considered in the analysis of ship grounding, these include the mass, forward 

speed, and trim angle of the grounded ship, as well as the eccentricity of the impacted rock tip 

and the length, width an height of the rock (Paik, 2020d). 

3.4.3 Fire and explosions 

Three types of research on offshore fire/explosion risk analysis are commonly carried out (Y.-

F. Wang et al., 2015): the first is using statistical methods to estimate fire/explosion risk based 

on historical data (Paik et al., 2011); the second is the implementation of risk analysis using 

commercial software (Yan-jie, 2011); and the third is integrating new theory with traditional 

risk assessment methods (Røed et al., 2009). For fire and explosions, there is no given a design 

scenario, but a risk assessment shall be done to identify if some situation deserves further at-

tention with a consequence assessment (e.g., structural analysis with fire loads). 

3.4.4 Autonomous/smart ships 

The analysis of the risks of autonomous/smart ships with quantitative risk assessment is a com-

plex task due to the lack of available data on the design and operation of such ships. Thieme 

et. al. (2018) investigated ship risk models available in the literature, 644 of them, applicable 

for risk assessment of Marine Autonomous Surface Ships (MASS) and concluded that none of 

them are suitable to be directly used for risk assessment of MASS. Abilio Ramos et al. (2019) 

considered operator's tasks and human failure events in the context of collision avoidance on 

MASS and concluded that interactions between operators and a system for collision avoidance 

must be considered, probably by human surveillance from an onshore control centre.  

The interpretation of risk simply as a product of probability and consequence can lead to the 

misconception that risk is just a number and becomes divorced from the scenarios of concern 

and available background knowledge (Montewka et al., 2018). Applying this perspective, much 

of the relevant information needed for risk management is not properly reflected or even miss-

ing (Aven, 2011). In several maritime risk analyses, a lot of effort is put into producing as 

“accurate” risk numbers as possible, however, it is futile to calculate high precision values in 

risk analysis if other parameters essentially are “guesstimates” made by the analyst. In the ex-

treme cases, the numbers obtained from databases and analyses are considered “the ultimate 

truth” about the probability of an accident in the analysed area, without proper reflection of the 

context and background knowledge. 

For Accidental Limit States, the estimation of how the structure of an autonomous/smart ship 

resists accidental loads and maintains its integrity and performance may be calculated in a 

manner similar to conventional ships. The understanding of the nature of accidents and identi-

fying hazards and risks for autonomous/smart ships, however, demands a different approach; 

particularly for a qualitative risk assessment (QRA), where the following implications need to 

be considered: 

There are no existing databases for autonomous ships. For important accident types like colli-

sion and grounding, existing data are hardly relevant at all. 

The inclusion of software increases the complexity of the systems and makes them harder to 

analyse. There is an increased possibility that we are unable to understand fully how the system 

works and that mistakes are made in the design of the software and hardware. 

New technology also implies that new types of accidents and, in particular, new causes of ac-

cidents are introduced. We may not be able to identify these with our current methods for haz-

ard identification (which often are based on checklists of different types). 

In general, the background knowledge pertaining to autonomous/smart ships is much less than 

for traditional shipping concepts. 
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3.5 Recommendations 

3.5.1 Collisions 

Ship collision is one of the most frequent accident types during maritime traffic operations (Du, 

Valdez Banda, Huang, et al., 2021). The European Maritime Safety Agency reported that ship 

collisions accounted for 13% of all casualties with ships in the years 2014 to 2020 (EMSA, 

2021). In the context of hazard and risk analysis, many methods have been proposed for the 

analysis of waterways and to support the decision making for the prevention of and response 

to collision risk (Lim et al., 2018). Automatic identification system (AIS) data has become a 

valuable source for providing information about ship traffic, and therefore many works have 

been conducted to detect non-accident critical events based on AIS data (Szłapczyński & 

Niksa-Rynkiewicz, 2018). The International Regulations for Preventing Collisions at Sea 

(IMO, 2007) provides guidance for ship collision avoidance. All ships are required to follow 

the COLREGs. In congested waters, multi-vessel encounter happens frequently, however the 

majority of the studies still only consider the risk of collision between two ships at a time. 

New methods have been developed for the analysis of near misses and the patterns and behavior 

of ships during encounter situations (Du, Valdez Banda, Goerlandt, et al., 2021). New alterna-

tives for the analyses of risk of collision should consider the dynamic nature of ship manoeu-

vring with the support of RADAR, AIS and other sensor data. In addition, new methods for 

risk analyses need to consider the application of COLREGS and the evaluation of the context 

in ship–multi-vessel encounters. With these critical aspects considered, the development of 

diverse risk management strategies for different ship types could support a better execution of 

evasive manoeuvring and better monitoring and advising of ship traffic operations. These new 

alternatives and advanced methods could support the prevention of dangerous ship encounters 

and provide recommendations for the direction of traffic flow, the designation of safe speeds 

and safe distances, and the enhancement of communication among traffic management author-

ities. Methods for collision risk analyses must be validated by testing them in the context of 

traffic operation in different waterways and sea areas. Further discussion on this topic is pre-

sented in section 5.2. 

3.5.2 Grounding 

Statistics show that ship grounding is the most common type of accident after ship collision 

(Eliopoulou et al., 2016). A ship going aground may have catastrophic consequences for hu-

mans, the natural environment and property (Youssef & Paik, 2018). Collision and grounding 

accidents in the context of an oil or chemical tanker could lead to irreversible effects on the 

natural environment. Methodologies such as the Formal Safety Assessment (FSA) with the 

support of risk analysis tools such as Fault Tree Analysis (FTA), HazOp, and Probabilistic Risk 

Analysis (PRA) tools such as Bayesian Networks have been used as the basis for the analysis 

of the risk of ship groundings (Z. Yang et al., 2018). These methods and tools have been fo-

cused on estimating the probability of grounding as well as the consequences of a grounding 

accident. Existing methods provided the identification of the main causal factors of groundings 

such as navigational season, water levels, currents, waterway navigational complexity, time of 

the day, extraordinary weather conditions (e.g. storms, rain, snow, winds, fog, etc.). Some of 

these methods also incorporate the analysis of human factors and the safety culture onboard 

the ships. In a study presented by Jiang et al (2021), ship grounding hazards are grouped by 

organization, human, ship technical and environmental factors. The interconnection and de-

pendency of the elements included in these categories are essential to clearly understand the 

risk of ship grounding in a specific case scenario (ship operation and its context). The historical 

data reported in accidents and near misses has been essential to develop the assessment of the 

risk of ship grounding. The use of historical data and PRA tools seem to be optimal for the 

analysis of ship technical and environmental factors. However, statistical data and PRA tools 

are not sufficient to process the analysis and the proper understanding of organizational and 
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human factors. Therefore, new alternatives should focus on the implementation and proper 

linking of methodology for the analysis of the socio-technical interaction in the context of ship 

navigation. 

3.5.3 Autonomous/smart ships 

In the context of autonomous/smart ships, a more systemic approach for analyzing risk should 

be adopted. This would: allow a systematic and hierarchical description of the risk associated 

with a given system and the entire autonomous maritime ecosystem; support reasoning about 

risk control options (RCO) in light of available background knowledge; and provide a reflec-

tion of the effect of background knowledge on the evaluated risk and proposed RCOs (Mon-

tewka et al., 2014). This task can follow a similar shift of the risk paradigm in the offshore oil 

and gas industry. The industry moved from probability and consequence definition towards an 

uncertainty based perspective, which stresses the relevance of uncertainty assessment in the 

process of risk analysis, thus informing the end users about the quality of the obtained risk 

estimates (Haugen & Vinnem, 2015). 

The transformation of the maritime industry with the introduction of autonomous/smart ships 

demands the development of an improved framework for risk management in the maritime 

industry in general, and in particular for autonomous shipping. The framework should contain: 

characteristics such as a flexible perspective on risk, where the aspect of background 

knowledge/uncertainty is incorporated; a focus on goal based and risk informed approaches to 

develop novel solutions while at the same time retaining consistent and acceptable risk levels 

also for new technology; it should allow the implementation of advanced and adequate risk 

analysis methods to enhance the analysis of highly complex systems with increased use of 

sensors, software, communication between ships and between ship and shore; and it should 

consider the new and different demands on the humans involved in the design and operation of 

autonomous/smart ships. 

4. CONSEQUENCE ANALYSIS DUE TO ACCIDENTAL ACTIONS 

This Chapter reviews recent publications regarding analytical, experimental, and numerical con-

sequence analyses due to accidental actions. It identifies known shortcomings and problems with 

the current approaches, and where applicable, guidance and recommendations are provided. 

4.1 Analytical Methods 

Analytical methods for consequence analyses for floating structures most often consider exter-

nal dynamics (considering global motions of the floating structure) and internal mechanics 

(considering deformation of the floating structure) separately; as discussed in section 2.3.2. 

4.1.1 External dynamics 

Analysis of ship or ice collisions is often decoupled into external dynamics and internal me-

chanics. The external dynamics model deals with global motions (ideally considering hydro-

dynamics) of the two interacting bodies prior to and after the collision. The main outcome of 

an external dynamics assessment is the energy loss during the collision, which will be dissi-

pated by structural deformations in the assessment of internal mechanics. A few external dy-

namics models exist in the literature based on common rigid body kinematics and the impulse–

momentum principle. The differences between them generally lie in the assumptions and sim-

plifications made to solve for the considered collision scenarios, e.g. Popov et al. (1969) con-

siders the resulting impulse in the normal direction; Pedersen and Zhang (1998) considers pla-

nar collisions, and Liu and Amdahl (2010) considers 6DOF collisions. More recently, Zhang 

et al. (2017) validated the method by Pedersen and Zhang (1998) with results from 58 model 

tests and 2 full-scale collisions and showed promising accuracy of the model. Liu and Amdahl 

(Z. Liu & Amdahl, 2019) reformulated the 6DOF+6DOF impact dynamics of two rigid bodies 

and unified the existing models in a consistent matrix formulation. Results predicted by 
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different methods were compared with experimental results and discussed. An equivalent fric-

tion factor was proposed which included contributions from both the Coulomb friction force 

and deformation resistance of structures due to sliding. 

4.1.2 Internal mechanics 

Simplified analytical methods are widely used for quick assessment of structural deformation 

resistance to accidental loads. The methods often provide reasonable predictions compared 

with numerical simulations and experiments, and some formulations are adopted in classifica-

tion society rules. 

Grounding 

Hu et al. (2016) proposed a simplified model for predicting the structural responses of double 

bottom ships grounding on blunt seabed objects, which caused continuous sliding of structures 

but no rupture of the outer shell. The formulation included resistance of longitudinal girders, 

transverse floors, the outer plate, and the corresponding attached stiffeners. Compared with 

explicit time-integration finite element simulations using LS-DYNA, the model predicted total 

energy dissipation within a range of approximately -10% to +25% depending on the grounding 

scenario. 

Analytical models were recently derived for ship grounding on paraboloid-shaped rocks. Ac-

cording to Sormunen et al. (2016), the parabolic shape allows for a better fit with real seabed 

rocks than does a conical one; which is commonly used in hard grounding simulations. Closed 

form expressions were derived from plastic analyses for ship bottom sliding (Pineau & Le 

Sourne, 2021) and raking (Pineau et al., 2021) over an elliptic paraboloid rock. The failure 

modes include steady state plate tearing and crushing of bottom floors and girders. The main 

mechanisms of energy absorption are friction, membrane straining, plastic bending and crack 

propagation. A super-element solver was then developed and successfully compared with nu-

merical simulations by Le Sourne et al. (2021) within a collaborative benchmark study. 

Collision 

Liu and Soares (2016a) reviewed existing simplified models for predicting the crushing re-

sistance of unstiffened web girders subjected to in plane loads and proposed a model for the 

resistance of stiffened web girders subjected to local in plane loads. The model was validated 

by comparison with experiments. Daley et al. (2017) presented a model for overload response 

of simple flat bar stiffened frames subjected to ice loading, and the effect of bending and shear 

is discussed while the axial force is not included. Yu et al. (2018) proposed a simplified ap-

proach for the assessment of large deformation resistance of stiffened panels subjected to lateral 

loading, considering the effect of boundary flexibilities, concentrated and pressure loading. 

Although the model was formulated in the quasi-static manner, it may be used in combination 

with the Biggs method for transient problems in explosions or slamming actions. Sha and 

Amdahl (2019) studied the deformation of ship deckhouse collisions with steel bridge girders 

and proposed a formulation for the collision resistance by summing up resistance from struc-

tural components including tearing of plates, crushing of girders and deformation of stiffeners. 

Zhang et al. (2019) validated the revised Minorsky model by Pedersen and Zhang (1998) for 

the prediction of energy absorption in collisions and groundings with a series of experiments 

and showed good agreement. More recently, Conti et al. (2021) introduced a methodology to 

assess the influence of ship structural design for use in the frame of damage stability analyses. 

Using a super-element solver to quickly simulate a high number of collision scenarios, statis-

tical SOLAS damage distributions were reshaped for a reference cruise ship and her reinforced 

version, and it was quantitatively shown that risk control in terms of damage reduction over 

the whole range of damages was possible by adding a double hull or by deck reinforcement. 

Zhu et al. (2018) presented a method for predicting the dent resulting from objects dropped 

onto the deck of ships by application of the hinge-line method. This was verified via finite 

D
ow

nloaded from
 http://onepetro.org/snam

eissc/proceedings-pdf/ISSC
22V2/1-ISSC

22V2/D
011S001R

002/3099110/snam
e-issc-2022-com

m
ittee-v-1.pdf/1 by N

orw
egian U

niversity of Science & Technology user on 07 D
ecem

ber 2023



28  ISSC 2022 Committee V.1: Accidental Limit States 

 

 

 

 

 

 

element simulations using ABAQUS/Explicit. Zhu et al. (2020) applied hinge-line analysis to 

predict the energy absorbed during a collision with ice floes. This work was verified by com-

parison with finite element analysis using Ansys/LS-DYNA and experiments. 

For ship collision with offshore tubular structures, Buldgen et al. (2014) presented closed form 

solutions for the resistance of a jacket leg subjected to ship impacts considering the complete 

behavior of tube deformation including local denting, global bending and membrane stretching. 

The different orientations and positions of the struck tube, and the shape of the striking ship 

stem were accounted for. The proposed method was verified to be of reason able accuracy 

using explicit time-integration finite element simulations with LS-DYNA. Pire et al. (2018) 

derived analytical expressions for energy absorption in two additional scenarios other than that 

wherein the impacted leg was laterally deformed. The first considered a leg punched by one or 

several compressed braces and the second considered buckling of a rear compressed leg near 

the mudline during the overall deformation of the jacket. Based on the concept of the super 

element method, Le Sourne et al. (2016) and Pire et al. (2017) proposed an efficient method 

that included simplified solutions for local denting, global bending, axial stretching, brace 

punching and buckling. The proposed method was verified to be of reasonable accuracy using 

explicit time-integration simulations with LS-DYNA. Yu and Amdahl (2018) presented a com-

prehensive review of structural responses and design of offshore tubular structures subjected 

to ship impacts. Different analytical models for the response of tubular members subjected to 

lateral impacts were compared and discussed. It was found that analytical models for the in-

dentation of tubes are well established by Wierzbicki and Suh (1988) with a closed form solu-

tion. However, the reduction of bending capacity of tubes with increasing indentation seems to 

vary significantly using different models. More efforts are needed to verify and improve a 

model describing the complete tube behavior including local denting, global bending and axial 

stretching under lateral impacts. The residual strength of damaged tubular members is also of 

interest to explore further. 

Post damage 

Post damage hull girder strength is an important topic for collision, grounding, and explosion 

scenarios where the resulting strength is often below operational load requirements. Sun et al. 

(2016) assessed the residual strength of a grounded ship based on the progressive collapse 

method and compared with numerical simulations. Cerik & Chuong (2020) examined the role 

of collision damage on the residual strength of a bulk carrier, accounting for unsymmetrical 

bending effects due to heel at mild and severe heel angles, using an enhanced Smith's method 

approach that accounts for motion and rotation of the section neutral axis. Damage is accounted 

for in this case by removing damaged structure and treating it as entirely ineffective, an ap-

proach that is common in the salvage community. Leelachai (2020) presented extended results 

on damaged panel strength accounting for damaged state residual stress utilizing FEA. The 

resulting load-shortening curves accounting for severe local and multi-bay damage are included 

in a progressive collapse tool, ProColl. 

Once damage occurs, the hull girder may be in a highly degraded state in which hog/sag cycles 

exceed peak girder capacity. Li et al. (2019) presented an analysis method for examining hull 

girder capacity under severe cyclical load using a reference point based load shortening formu-

lation that accounts for strength reduction at the panel level. The results were compared to FEA 

of the entire cross section as well as the bilinear IACS formulation. 

Tabri et al. (2020) presented an ultimate and residual strength assessment model for the early 

stage design of hull girder, based on the coupled beam (CB) method. In CB method the struc-

tural elements are represented with load-end shortening curves as opposed to discrete finite 

elements making the analysis computationally efficient compared to NLFEM. The original CB 

method was extended to assess post grounding ultimate strength by excluding the coupled 

beams from the damaged region. Approach was validated with comparative NLFEM 
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simulations. Compared with other simplified methods which are restricted to single section 

analysis CB method can properly model the behavior of the entire hull girder. 

4.2 Experimental Methods 

The structures and physical scale of the phenomena of interest are large, and it is impractical 

to conduct more than a handful of full-scale field test events for most of the hazards presented. 

Furthermore, full-scale field test events are generally conducted with a limited level of control 

over experimental inputs. Therefore, generating meaningful experimental data relating to ALS 

inherently involves some form of scaling of either the loading phenomena or the test structure. 

Additional challenges arise from the complex nature of loading phenomena and the challenges 

in generating experimental data e.g., pressure data from explosions, ice impact pressures, etc. 

4.2.1 Similitude Methods for Structural Impact 

The design of structures capable of crashworthiness has motivated many researchers to study 

the structural impact phenomena. It is believed that the full-scale experiment is the most relia-

ble method of evaluating the crashworthiness performance of structures (W. Zhang et al., 

2010). However, the high costs and environmental concerns impose restrictions on full-scale 

experiments. Instead, scaled model tests are commonly used to predict the damaging effect on 

the prototype structure. To obtain responses of the prototype structure efficiently, it is feasible 

to work with models designed by proper similarity laws (Ding et al., 2015; D. Wang et al., 

2011). Significantly, structural impact involves events such as plastic flow and potential frac-

ture, on which strain and strain rate strengthening effects have great influence (P. Jiang et al., 

2006; Jones, 2012). And the fact that the nonlinear effects are not prone to scaling is a major 

obstacle for the use of scaled structures under impact loads (Oshiro & Alves, 2004). 

Imperfect similarity occurs since several phenomena do not scale according to the same geo-

metric factor. The law of similarity for structures has been extensively investigated (Baker et 

al., 1991; Barenblatt, 2003; Coutinho et al., 2016; Decius, 1948; Skoglund, 1967) and widely 

applied in significant research fields concerning non-scaling phenomena, for example struc-

tural failure (Atkins, 1999; Noam et al., 2014; Sadeghi et al., 2019), explosions (Fu et al., 2018; 

Gao et al., 2018; Kong et al., 2017; S. Ma et al., 2021; Snyman, 2010) and structural impact 

(Atkins, 1988; U. Cho et al., 2005; B. Liu et al., 2020; Mazzariol & Alves, 2019a, 2019b; Q. 

Song et al., 2017; S. Wang et al., 2021). Indirect similarity (U. Cho et al., 2005) established 

coefficients to infer the prototype behaviour applying loading scaling factors that results in 

scaled displacements differing from geometric scaling factors. Afterwards, recent develop-

ments of similarity laws in structural impact have focused on methods of altering the impact 

velocity or mass to overcome non-scaling effects including strain-rate effects, differences in 

material mechanical properties and distorted geometry configuration (Mazzariol & Alves, 

2019b). 

To name a few, Luo et al. (2014, 2015) discussed the applicability of the distortion models 

numerically when predicting the dynamic characteristics of a full size rotating thin wall short 

cylindrical shell. In their work, sensitivity analysis and governing equations were employed to 

relate the incomplete scaled-down model to the prototype, the improvement of which was to 

determine a necessary scaling law, applicable structure size intervals, and boundary functions 

that could guide the incomplete scaled-down model design. An important suggestion for how 

to deal with non-scaling phenomena occurring in scaled problems of mechanical impact and 

fracture was provided by Atkins (1988). According to his energy analysis, when the problem 

presents a mixture of surface and volume effects, a perfect replica scaling is unfeasible. Such 

a mixture is present in the majority of problems. 

As a means to do so, Oshiro and Alves (2012) developed a method to allow a replica with 

geometrical distortions to forecast and represent the prototype structure behavior by changing 

the impact velocity. To validate its applicability, three analytical problems of structures 
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subjected to dynamic loads are analyzed. Mazzariol et al. (2019a, 2019b) attempted to give a 

comprehensive framework to compensate for the differences in material properties and small 

thickness distortions. A correction equation has been derived to relate the behavior of models 

and full-size steel structure based on the relationship between strain rates and impact velocity. 

Then it was employed to correct the impact velocity of the striker in scaled circular plates and 

double plate Calladine structure analytically and numerically. 

Another efficient technique to correct non-scaling effects is to consider the relevance of the 

mass in the impact event, thus adding additional mass to the scaled model to balance the strain-

rate effects. Lu et al. (2020) carried out experimental and numerical studies on dynamic char-

acteristics for tubular K-joints in offshore platforms. On the basis of previous work (Wei & 

Hu, 2019), an indirect similarity method is developed in their work, which mainly scales the 

model by controlling the impact mass to balance the strain rate induced size effects.  

Similitude theory has proven to be an efficient tool to conduct scaled model design in structural 

analysis and tests. Specifically, it affords a theoretic basis to study mechanical characteristics 

such as free and forced vibrations, buckling and impact responses, in several engineering fields 

by small-scale models. In the application of similitude methods, partial similitude may be best 

as results can be achieved considering non-scaling effects and manufacturing constraints. As 

simplifications are applied in the corresponding methodology focus on specific problems, the 

whole similarity process will have to be repeated for each structure. Besides, the influence of 

non-scaling effects can hardly be generalized since the main concerns in mechanical systems 

are sensitive to different parameters such as the geometric variables, material properties and 

load input parameters. Distortions may be viewed as manufacturing variabilities, or perturba-

tions of a system with respect to a reference state that lead to differences in response. Thus, in 

practice, model distortion is the main obstacle to be overcome in the further study of similarity 

laws. In this context, the principal lines of research should focus on a generalized methodology, 

with the attempt to more easily derive the similarity conditions and scaling laws from a gener-

alized set of scaling relationships, without having to apply the similitude theory to the various 

situations. 

4.2.2 Scaled experiments and miniaturization 

Chen et al. (2020) conducted a series of experiments to investigate the crushing behavior of 

vertical stiffeners in web girders. The specimens were in 1:6 scale with respect to actual ship 

bottom structure elements. The study is the continuation of earlier similar experiments by Liu 

et al. (2016b). Compared with this earlier study, the number of stiffeners and plate thicknesses 

are the varied parameters. From an experimental perspective, the study provides valuable in-

sight into the crushing behavior of stiffened plates by presenting the interplay between the 

number of stiffeners, welds, and location of the indentation. From a numerical perspective, it 

is less straightforward to assess the added value. Although the authors claim that the established 

numerical model can be used to predict the crushing behavior of ship structures in collision and 

grounding, it is left for the reader to interpret what they exactly mean by that. For instance, it 

is recommended in the paper that element length in crushing simulations should not exceed 10 

mm. However, such a recommended value should have a clear dependence on plate thickness 

since the susceptibility of the plate (i.e., element) to buckle and fold depends on the thickness. 

The strong effect of thickness on the localization in deformation was well exemplified by 

Kõrgesaar (2019). 

More extreme scaling factors for structural components have been used lately by Calle and co-

workers. Their initial study was made at a scale of 1:100 to reproduce the structural response 

during collision and grounding (Calle et al., 2017). In these tests, they neglected some of the 

structural details because of the small thickness. The limitation was removed by Calle et al. 

(2020) who performed scaled raking test with specimens produced using additive manufactur-

ing. Nevertheless, because of the extreme scaling, similarity techniques were used to scale the 
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original structural dimensions to model scale. These techniques involved classical dimensional 

scaling combined with separate thickness scaling. The latter was introduced to enable model 

production with additive manufacturing. The thickness scaling depends on the failure mode 

(tearing, membrane or folding), meaning that failure mode must be known a priori for all struc-

tural components. If the wrong failure mode is assumed, the manufactured structural part has 

an incorrect thickness, which can lead to a cascade of errors compared with actual full-scale 

structural behavior. Failure mode identification is further exacerbated by the fact that often 

there is a strong interaction between modes. This uncertainty needs to be carefully addressed 

in future studies. 

Raking experiments on full-scale plates were performed by Bijleveld et al. (2018) and Haag et 

al. (2017). These experiments helped to show how material failure could be modeled in dy-

namic, sliding contact. Notably, Bijleveld et al. (2018) showed that the maximum shear crite-

rion (otherwise known as the single-parameter MMC model) was reasonably good at predicting 

failure in shell elements, with input taken from small-scale material tests. 

4.2.3 Full-scale structural experiments 

Paik et al. (2021) performed cold-temperature (-80°C) collapse testing of a stiffened steel plate 

composed of AH32 steel subject to axial compressive loading. Even though -80°C is below the 

tensile-to-brittle fracture transition temperature for AH32, they did not observe any brittle fail-

ure. The stiffened plate structure behaved similarly to similar tests conducted at room temper-

ature (Paik et al., 2020a) (i.e. they observed essentially linear force-displacement curves until 

just prior to stiffener tripping), except that the cold temperatures induced a structural response 

that was 11.6% larger than that at room temperature. Paik et al. (2021) also developed a cali-

brated numerical model of the experiments which overpredicted the experimental results in 

both force-displacement modulus as well as peak load capacity; for both the -80°C and room 

temperature experiments. Paik et al. (2020b) performed further similar experiments at cryo-

genic temperatures (which may practically occur, for example, from accidental LNG spill). 

Here they observed sudden brittle fracture of the stiffened panel once the ultimate limit state 

was achieved. They reported no visible plastic deformation and significant portions of the 

structure were violently detached from the main structure. The maximum structural load 

achieved was 9% higher than the similar room temperature test. 

Paik et al. (2021a, 2021b) conducted full-scale fire testing to collapse of steel stiffened plate 

structures subject to lateral patch loading. They did so for stiffened structure with (Paik, Ryu, 

et al., 2021a) and without (Paik, Ryu, et al., 2021b) passive fire protection. Their measured gas 

cloud temperature was approximately 15% less than the ISO 834 fire curve for most of the 

experiments. The time to structural collapse was 1600 seconds for the case without passive fire 

protection, and nearly twice that, at 3100 seconds, for the case with passive fire protection. 

H. Kim, Daley et al. (2018) conducted full-scale ice load experiments on an IACS PC6 polar 

class stiffened grillage structure. They used a 1m diameter ice cone to quasi-statically apply 

ice loads normal to the stiffened grillage. They observed significant structural deformation and 

stiffener tripping, with small surface cracks visible at the ends of the central stiffener. These 

experiments demonstrate significant structural overload capacity. They also developed and cal-

ibrated a nonlinear finite element model that compared very well with the results of the exper-

iments. 

Gagnon et al. (2020) used a large-double pendulum apparatus to conduct ice-cone impact ex-

periments against a novel ice-pressure sensor and recorded pressure distributions for various 

impact energies with a sampling rate of 500Hz. The maximum recorded pressures were in the 

range of 30-55 MPa, tending toward the higher end of the range. 
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4.3 Numerical Methods 

4.3.1 Model setup 

This section provides reference on numerical FE analyses setup parameters to aid analysts in 

performing the ALS analyses and reaching reliable results. Much valuable guidance is availa-

ble in DNVGL-RP-C208 (2019) and ABS’s Guidance Notes on Nonlinear Finite Element 

Analysis of Marine and Offshore Structures (2021). 

Finite element analysis solver type 

Selecting a solver type for ALS finite element analyses presents challenges. Historically, many 

nonlinear ALS FE analyses have been conducted using an explicit time-integration formulation 

solver. Quinton et al. (2017) present criteria for selecting an ‘explicit solver’ for moving/sliding 

loads on hull structures. Explicit solvers are generally robust for highly nonlinear transient 

dynamic events because it can capture large deformations, structural instabilities, contact, and 

fracture very well. Explicit solvers, however, generally rely on first-order elements and may 

have difficulty capturing higher frequency responses due to various sources of numerical noise 

including solver noise (which may be mitigated by modifying default analysis settings) and 

contact handling related noise (which also has several non-default options for mitigating noise; 

in particular by implementing ‘two-way contact’ algorithms as well as accounting for ‘soft’ 

contact). For ALS problems that occur over a period of time on the order of several seconds or 

more, the explicit solvers become inefficient due to their requirement for very small-time steps 

(typically 10-6 seconds or even much smaller). These small-time steps are required to maintain 

solution stability. As an example, a ‘explicit’ FE model with 10mm .x 10mm shell elements 

composed of steel (with mass density equal 7850 kg/m3, Young’s modulus equal to 207 GPa, 

and Poisson’s ratio equal to 0.3), by the Courant-Friedrichs-Lewy stability criterion, requires a 

time step no larger than 1.85768E-06 seconds; therefore, simulation of 1 second requires the 

solution of over 530,000 time steps. One method of improving the efficiency of explicit solvers 

is to employ mass scaling. There are various mass scaling techniques, however, typically mass 

scaling involves artificially and drastically increasing the density of the smaller elements in the 

mesh so that their time step is artificially increased. This will, of course, significantly increase 

the mass of these elements which will affect their dynamic behaviour and may (or may not; 

depending on many factors) greatly affect the FE model solution. Mass scaling should be em-

ployed with caution and is discussed further below. 

For analyses where contact and fracture do not play a central role, implicit time-integration 

solvers are attractive and facilitate the use of higher-order elements that generally will result in 

improved solution quality at an equivalent nodal spacing. Furthermore, the time step selected 

for an implicit time-integration analysis is chosen by the user and is generally based on the 

frequencies of interest (a typical rule is that the chosen time step is 1/20 the period of the highest 

frequency of interest). For cases where the geometry dictates small elements, the overall solu-

tion time is much less dependent on the element size than for an explicit solver. An additional 

advantage of implicit solver is the ability to include Rayleigh damping; doing so for an explicit 

solver may result in a reduced time step, and therefore a longer solution time. 

Mass scaling 

Efficiency of ALS numerical analysis is crucial for evaluations during the conceptual and early 

design stages. Many ALS scenarios may be approximated as quasi-static; implying that ana-

lysts may choose between implicit or explicit FE solvers. For the class of ALS analyses that 

often exhibit strong nonlinearities and contact, explicit solvers are often computationally more 

efficient, however, since the time step for explicit solvers has an upper limit in order to maintain 

solution stability, their use becomes computationally impractical to model quasi-static events 

in their natural time period. Hence, quasi-static simulations using explicit solvers may need to 

be accelerated; either by increasing the rates of the applied loads or by using mass scaling. 
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Increasing loading rates increases the material strain rate as well as the structural inertial re-

sponse. 

Regarding material strain rate sensitivity, mass-scaling may only be used when material strain 

rate sensitivity may be considered negligible. For ships and offshore structures built from me-

tallic materials, this may or may not be the case, depending on many factors. Therefore, the use 

of mass scaling (which involves an artificial increase of material density that may be imple-

mented using several methodologies (e.g., applied globally to the mesh, applied only to ele-

ments with a time step < n, etc.)) can increase the maximum stable time step, thereby reducing 

the number of time steps needed for the solution and thus, reducing the total simulation time. 

In other words, mass scaling may allow efficient modelling of events in their natural time scale 

using an explicit solver. 

Regarding structural inertia, mass scaling should be done so that kinetic energy remains a frac-

tion (1-5% ABAQUS manual, <1% DNV-RP-C208 (2019)) of deformation energy, so that 

problem solution retains its quasi-static character. The analyst should confirm that this check 

is made when the aim is to model quasi-static event. This general guideline is well established 

and appears to be consistently followed also in the scientific literature reviewed. 

In transient dynamic analyses, the natural time scale is always important and an accurate rep-

resentation of the physical mass and inertia in the model is required to capture the appropriate 

structural response. Although these analyses are computationally demanding, the application 

of mass scaling is less straightforward since scaled element masses affect their resulting inertia. 

In such cases, selective mass scaling could be used, however the current review could not iden-

tify any studies focusing on this practical issue. In other words, best practices and criteria for 

choosing selective mass scaling parameters for dynamic ALS analysis are missing; but urgently 

needed. 

Element related 

Storheim et al (2016) investigated the aspects of the numerical setup for simulation of collisions 

using ABAQUS and LS-DYNA, with attention to the differences between the two codes. Two 

examples of crushing simulations are presented: a bulbous bow hitting a rigid wall and the 

simulation of a folding experiment. The calculations indicate that the described folding mech-

anisms are very sensitive to the mesh refinements and numerical effects. The artificial stiffness 

from hourglassing and shell drilling were identified as the main source of differences. The 

authors pointed out that the drilling constraint is activated by default in ABAQUS and but not 

in LS-DYNA; likely due to the different evolution of the two codes. Equivalent results were 

obtained by setting the drilling constraints consistently in the two solvers. The effect of the 

drilling stiffness was shown to be mesh dependent and the simulated response seems to con-

verge between the solvers when the mesh size is decreased. The authors recommended not to 

include the drilling stiffness in coarsely meshed shell structures. Quinton et al. (2017) recom-

mend the enabling of drilling stiffness for the simulation of moving/sliding loads on hull struc-

tures. 

4.3.2 Grounding 

Le Sourne et al. (2021) studied the influence of buoyancy forces, failure strain and friction 

coefficient on the damage of a grounded ship. It was found that the damage extent can be 

several times larger when hydrodynamic loads (especially buoyancy forces) and ship motions 

are considered. Moreover, the length of the breach resulting from bottom raking significantly 

depends on both the friction coefficient between the rock and the hull plating and the criterion 

used to model the failure. Indeed, a shear failure criterion commonly used in such numerical 

analyses appears to be insufficient to accurately model the different failure mechanisms occur-

ring in a ship raking process. Kim et al. (2021) also emphasized the importance of buoyancy 
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forces on structural damage and energy absorption in ship grounding when they conducted 

fluid structure interaction analysis using LS-DYNA/MCOL. 

4.3.3 Collision 

Ship-ship/offshore oil and gas platforms 

Moan et al. (2019) presented the background for the update of the NORSOK N003 (2017) 

standard to meet the challenges of increased collision energy and new ship bow and structures 

designs. The consequences of increased design energy on the design of offshore oil and gas 

platforms were discussed. It is indicated that for typical North Sea jackets it will be difficult to 

design braces such that a single brace will absorb the required energy for standard bow colli-

sions. A viable alternative may be to design the braces strong enough to penetrate and crush 

the bow of the impacting vessel, so that the vessel dissipates most of the energy. Amdahl and 

Yu (2021) discussed the new updates of DNV-RP-C204 (2019) and its impact on crashworthi-

ness design. The challenges addressed in the updated recommended practice are discussed in 

the paper and include updated design collision energy and force-displacement curves, ship in-

stallation interactions, compactness criterion of offshore tubulars and external dynamic models. 

Mujeeb-Ahmed et al. (2020) conducted supply vessel collision simulations with an offshore 

jacket platform using explicit time-integration simulations with LS-DYNA. The hydrodynamic 

effects of the striking vessel are included using MCOL. The results showed that the local dam-

age resistance of jacket tubulars agreed well with theoretical models. The majority of collision 

scenarios showed deformations on both forecastle and bulb, and the vessel may hit multiple 

braces and column members when hydrodynamic effects are included. Travanca and Hao 

(2015) simulated quite a few ship collision cases with three different jacket platforms using 

explicit time-integration simulations with LS-DYNA. The platforms were modelled with shell 

elements. They found that global elastic deflection energy can be important for jackets espe-

cially for large platforms. The portion of global elastic energy out of total energy were large 

for ship collision on strong legs and tubular joints, which have large local stiffness at the impact 

point. Travanca and Hao (2014) simulated ship collisions with jacket and jack-up platforms 

using explicit time-integration simulations with LS-DYNA with shell elements, and then sim-

plified the platform global response with equivalent single-degree-of-freedom (SDOF) sys-

tems. They found that the equivalent SDOF models were able to simulate global deflections of 

platforms generally well. However, in eccentric collisions, both the lateral and tortional re-

sponses are prominent for jack-up platforms. Equivalent models in such cases should account 

for both lateral and tortional responses. The rotational response was found less important for 

jackets in the studied cases. Amdahl and Holmas (2016) analyzed the response of a typical 

jack-up subjected to a high-energy collision of 67 MJ on a corner leg using USFOS. The plat-

form was installed in 110m water depth and the first eigenperiod was 7.8 s. It was found that 

the ship spent considerable time in the elastic unloading phase (1.9 - 5.2 s), and up to 25 MJ 

was stored as elastic energy mainly in the platform during impact. The inertia force was im-

portant, and the temporal impact force depended on the jack-up response, which could not be 

calculated a priori. The compliance of the platform contributed significantly to the survival of 

the impact and needed to be considered. 

Ship-offshore wind turbine 

For ship collisions with bottom fixed offshore wind turbines (OWT), Biehl and Lehmann 

(2006) studied the behavior of three foundation structures i.e., monopile, tripod, and jacket of 

offshore wind collided by single (200,000t) and double (45,000t) hull tankers, bulk carriers 

(25,000t), and container ships (52,000t). The ship caused large deformations of the turbine 

foundations, which were completely torn off in extreme cases. The nacelle and the rotor may 

fall onto the deck of the striking vessel. The collision loads caused local damage on the ship 

hull with possible oil leakage. Song et al. (2021) evaluated dynamic responses of a monopile-

supported wind turbine under ship impacts using both numerical and analytical methods. 
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Precalculated wind loads and aerodynamic damping were included in the explicit time-integra-

tion LS-DYNA simulations through a user defined load subroutine. The differences of the max-

imum tower-top displacement by the analytical and numerical methods vary from 5% to 23%. 

It was found that the wind turbine response was significantly affected by the impact velocity 

and the wind direction. Bela et al. (2017) conducted numerical simulations of supply vessel 

collisions with a monopile based offshore wind turbine. Both rigid and deformable bows were 

considered. It is however recommended by the committee to use deformable ship bows as the 

turbine foundations are often strong enough to deform the bow of supply vessels. The studies 

emphasized the influence of wind directions and soil flexibilities. The assumption of fixed 

boundaries of the OWT at the mudline is found to lead to an overestimation of the plastic 

deformation of the collided structure. For ship collision with jacket foundation wind turbines, 

Ramberg (2011) conducted collision analysis with jacket OWTs from a tanker of 190,000 tons 

using USFOS. This gives a design energy of 500 MJ. With such huge amount of energy, it is 

not possible to design wind turbines to resist a tanker. The collapse may be induced either by 

buckling, yielding of the support structure, or foundation failure, e.g., piles being pulled out of 

the soil on the tension side. In many cases, the turbine collapsed into the sea in the drift direc-

tion of the tanker, thus preventing the nacelle from dropping down on the tanker, which is 

favourable. However, in some cases, the large inertia may cause local buckling and unfavour-

able failure of the tower towards the ship. Moulas et al. (2017) conducted explicit time-inte-

gration NLFEM simulations of monopile and jacket type bottom fixed turbines subjected to 

supply vessel impacts using ABAQUS. The failure mechanisms of turbine foundations are 

identified. The ship was modelled as a rigid body, which may exaggerate the damage on the 

turbine foundations. 

For ship collision analysis with floating offshore wind turbines (FOWT), proper modelling of 

the hydrodynamic loads becomes essential. Echeverry Jaramillo et al. (2019) simulated a SPAR 

type floating offshore wind turbine subjected to collisions from a supply vessel of 5000 tons 

using explicit time-integration using LS-DYNA. Hydrodynamic effects were included using 

the LS-DYNA MCOL module. They emphasized the importance of introducing hydrodynam-

ics for collision with a floating turbine. Yu et al. (2022) carried out dynamic response analysis 

of a 10 MW semi-submersible floating offshore wind turbine subjected to collisions from a 

supply vessel of 7500 tons and an oil tanker of 150,000 tons using USFOS. The hydrodynamic 

effects were modelled using the buoyancy module and the Morrison equation, while the wind 

loads were calculated using software based on blade element momentum theory. It was found 

that the semi-submersible turbine was in general safe from tower collapse under supply vessel 

impacts under a design energy of 50 MJ, while the platform may capsize in the event of tanker 

collisions with a design energy of 420 MJ. Zhang and Hu (2021) conducted supply vessel col-

lision with a spar type floating wind turbine using explicit time-integration FEA using LS-

DYNA. The wind loads and hydrodynamic loads including buoyancy, motion induced radia-

tion loads and waves loads were included using a user load subroutine. 

Ship-bridge collisions 

Sha et al. (2019) posed two critical notions related to the topic of ship-bridge collisions: (i) 

rigid bridge assumption regarding foundations and piers might not be valid for bridge girders 

(ii) up to now the design and safety of bridge superstructures against collision have mainly 

been ignored. Therefore, Sha et al. performed parametric studies and showed that damage sus-

tained by the bridge girder is dependent on the ship-bridge girder relative strength. They pro-

posed a strengthening method for the bridge girder against ship forecastle collisions. Along the 

same lines, Sha and Amdahl (2019) proposed a simplified analytical method for predictions of 

ship deckhouse collision loads on steel bridge girders. They explicitly accounted for the spe-

cifics of interacting structures (girder geometries and deckhouse configurations) and charac-

teristics of the developed line load. 
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Sha et al. (2019) presented a combined local and global analysis procedure to address ship 

collision with a floating bridge. The global analysis procedure was motivated by the significant 

compliance of the floating bridge and consequent strong interaction between the bridge and 

ship during the collision. They concluded that finite element simulations should be conducted 

to estimate the collision load for a specific collision scenario. Furthermore, the global analysis 

showed that in a particular analyzed case, 40% of collision energy was dissipated by the global 

bridge motion. Therefore, neglecting the global response of the bridge would yield a conserva-

tive estimation of the energy consumed through structural damage, and thus, a much more 

conservative design. 

Song and Wang (2019) proposed an empirical impact load time-history model accounting for 

ship size and impact velocity, which could be used to substitute the FE models of ship-bridge 

collision events to predict the bridge response efficiently. The basis is decoupling the ship-

bridge interaction and making a rigid bridge assumption. It is noteworthy that they validated 

the numerical simulation technique by drop hammer tests. Naturally, this model does not apply 

to floating bridges. Wan et al. (2019) investigated the collision safety of reinforced concrete 

bridge piers using numerical and experimental methods. In their quasi-static and dynamic 

scaled experiments (scale 1:10), they crushed ship bow models against the concrete piers. They 

showed that the pier concrete model assumptions (elastic, rigid, nonlinear inelastic) had a sig-

nificant effect on the resulting bow crush depth and the impact force in high energy collision 

cases. To capture the interaction effects accurately, the authors advise using a nonlinear mate-

rial relationship for concrete. Pu et al. (2019) investigated the dynamic responses of a long-

span cable-stayed bridge under ship collision through FEA and presented a comparison of the 

collision forces with the recommendations in different design codes (AASHTO (2009), Inter-

national Association for Bridge and Structural Engineering (IABSE code), CDRBC (2017), 

GSDHBC (2015)). Figure 8 in Pu et al. (2019) gives some insight into the level of conserva-

tiveness in the different rules considered. AASHTO consistently predicts the highest collision 

force versus ship tonnage, while CDRBC consistently predicts the lowest. The results in the 

paper may be useful for the further development of codified design rules and procedures. 

Glacial ice impacts 

Bergy bits and growlers (i.e., small glacial ice features) travelling with waves and currents can 

pose great threats to ships and offshore structures operating in ice infested waters. These rela-

tively small glacial ice features are difficult to detect, monitor and to manage by concurrent ice 

management operations, therefore, it is important to quantify the probabilities and conse-

quences of the potential glacial ice impacts with the structure of interest. 

In efforts to ensure that involved petroleum industries maintain a high level of HSE and emer-

gency preparedness, the Petroleum Safety Authority Norway (PSA) established a series of pro-

jects to study the structural safety in the central part of the Barents Sea. These projects have 

provided many insights into aspects of this technical challenge. 

The ST5 project (Ekeberg et al., 2018) was carried out by DNV. The study described and iden-

tified concurrent knowledge and challenges in relation to structural safety in the High North 

and narrowed down the investigation to a specific scenario regarding the impact between gla-

cial ice features (with a characteristic water line < 15 m) and a semi-submersible structure. The 

ST19 project (W. Lu, Yu, van den Berg, Lubbad, et al., 2019) carried out by NTNU and ArcISo 

substantially extended and enriched the work of ST5. The project analysed the probability dis-

tributions of impact velocities and locations on the structure and the collision energy under 

waves and currents and identified the critical scenarios that might potentially lead to structural 

damage. Further, nonlinear finite element simulations were carried out to calculate the struc-

tural damage under ice impacts. The shared-energy approach was adopted in analogy to the 

procedures for ship-installation impacts, where ice was presented as a pressure-area curve con-

sidering its energy absorption per unit volume and the structural resistance is by nonlinear finite 
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element simulations assuming rigid ice. It was concluded that the recommended impact energy 

for design is around 7.5 MJ for a 15 m long ellipsoidal glacial ice feature, with an annual 

probability of exceedance of 10-4. With this design energy, the structure was safe from outer 

shell penetration and flooding risks, based on finite element simulation results. The ST20_2018 

project (Ommani et al., 2018) was carried out by SINTEF Ocean, studying the hydrodynamic 

interactions between glacial ice and semisubmersible drilling units using CFD methods and 

potential flow theory. Possible position of impact, impact velocity and impact energy were 

assessed. It was found that the motion response of the glacial ice was highly influenced by the 

presence of a semisubmersible; both in the wave diffraction forces acting on the ice as well as 

the added mass coefficients for the ice mass. The nonlinear restoring and Froude-Krylov exci-

tation forces were shown to be important due to large variation in the ice feature's waterplane 

area as it moves vertically, as well as the potential for the ice to be completely submerged as it 

moved in waves. The ST 20_2019 project (W. Lu, Yu, van den Berg, Monteban, et al., 2019) 

continued the work in ST 19 and conducted a more in-depth analysis of ice motions under 

waves and current using time domain simulations considering nonlinearities and structural 

damage under ice impacts. It was found the lower size limit of a detectable glacial ice feature 

by marine radars can easily be doubled to 30 m and thereby yield a higher impact energy. Three 

different approaches were used to calculate structural damage with various degrees of simpli-

fications i.e., the integrated approach, the weakly-coupled approach and the fully coupled ap-

proach. The structural responses were found to be sensitive to local sharpness of ice geometry. 

With the most unfavorable local ice geometry, the structure was found to withstand a maximum 

impact energy level of around 15 MJ without shell puncture. The ST 20_2019 project ended 

with two journal publications, i.e. Lu et al. (2021) (Part I) and Yu et al. (2021) (Part II). A 

follow-up project, the ST20_2019_Extension project (W. Lu et al., 2020), summarized the 

findings from the above projects and formulated a report in the format of classification rules 

for the analysis and design against glacial ice impacts, which can be a useful reference for new 

rules to come. Further, Yu et al. (2021) developed a numerical solver for coupled simulation 

of glacial ice impacts accounting for the effects of hydrodynamic-ice-structure interaction. The 

solver adopted user subroutines provided in LS-DYNA and combines three different modules, 

i.e. the BWH (Bressan-Williams-Hill) criterion for the prediction of fracture of steels, a hydro-

static pressure dependent plasticity-based material model for constitutive modelling of ice, and 

linear potential flow theory for hydrodynamic loads. The model has been successfully imple-

mented for ice collision simulations with a semi-submersible platform column considering hy-

drodynamic-ice-structure interaction with good efficiency and accuracy. Amdahl (2019) re-

viewed the principles for the analysis and design against glacial ice impacts in ALS conditions, 

including the pressure-area curve versus force-area curve of ice, the effects of local and global 

shape of the ice feature in energy absorption, material modelling of ice and ice structure inter-

actions. 

Cai et al. (2020) proposed to use a soil and concrete constitutive material model (keyword 

MAT_SOIL_CONCRETE in LS-DYNA) to represent ice material. The model is a hydrostatic 

pressure dependent plastic model similar to the ice models in Derradji-Aouat (2000) and Liu 

et al. (2011). Four groups of experiments were performed to study the dynamic behaviors of 

clamped plates impinged by a freshwater ice wedge. Good correlation was obtained between 

the numerical and single impact experimental results and later with repeated impacts in Cai et 

al. (2022). Herrnring and Ehlers (2021) adopted the Mohr-Coulomb material to model brittle 

ice behavior using the node splitting technique to simulate ice fracture. The simulated maxi-

mum ice forces and contact pressures were verified of good accuracy by comparison with ice 

extrusion and double pendulum tests Gagnon et al. (2020) . Ince et al. (2017) proposed a new 

constitutive equation for ice materials where the effects of strain rate, salinity and temperature 

were taken into account. Ductile and brittle behaviours were separated at a critical strain rate. 

Ice fracture was modelled with cohesive elements based on the crack-opening displacement. 

The model was used to simulate an ice drop test in Ince et al. (2017) and showed reasonable 
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agreement. Kim et al. (2018) conducted full-scale quasi-static experiments of large structural 

grillages subjected to ice loads. The structures were pushed into large plastic damage with 

considerable ice failure at the same time. Results of FE analysis showed a good agreement 

compared with the physical experimental results. Gagnon et al. (2020) conducted large double-

pendulum ice impact tests and the contact pressure was measured using an advanced novel 

pressure-sensing technology. The pressure-sensing strip technology was shown to be robust 

and capable of providing accurate distribution maps of high-pressure zones (HPZ) and low-

pressure zones (LPZ) over time. Patterns of HPZs that were surrounded by LPZs due to spall-

ation of ice from the HPZs, were evident. The experiments were simulated in Andrade et al. 

(2020). Quasi-static and dynamic simulations showed a clear response difference in the struc-

ture. 

4.4 Fluid Structure Interaction 

4.4.1 Slamming 

Water impact (slamming) is a strongly nonlinear phenomenon including significant fluid struc-

ture interactions. Potential consequences of water slamming may vary from structural vibra-

tions to large permanent deformations and structural damage. In the extreme sea states, slam-

ming loads may cause progressive collapse of structures and fatalities. An example is the recent 

accident of the COSL Innovator drilling rig in the North Sea, 2015, where a steep horizontal 

wave struck the unit on the front bulkhead of the forward box girder. Water intrusion caused 

extensive damage to cabins, killing one crew member with four injured (Viste-Ollestad et al., 

2016). 

Generally, ULS design is often adopted for the design against slamming, where the structure 

shall resist the design slamming pressure with minor damage. The structure, in this case, re-

sponds primarily with elastic vibrations, and the coupling between hydrodynamic pressure and 

the elastic response of the structure, known as hydroelasticity, matters and has been studied 

extensively. However, when violent water slamming occurs in extreme or abnormal events, 

large structural stresses may occur that exceed the material yield stress, causing large plastic 

flow and permanent damage. The elastoplastic or fully plastic response of the structure will be 

strongly coupled with the hydrodynamic pressure, termed as hydro-elastoplasticity or hydro-

plasticity. 

From the literature, the coupling effect between hydrodynamic pressure and structural response 

during water slamming is generally limited to the hydroelastic effect. Little information can be 

found on the effect of hydro-elastoplastic or hydro-plastic slamming. When structural damage 

is concerned in extreme slamming conditions, an uncoupled approach (e.g., Wang et al. (2002)) 

is often adopted by assuming a certain pressure profile, which is to be applied on the structure 

for the response. It is also unclear whether an artificial added mass should be added to the 

structure and, if so, the associated values to use. 

As this topic is relatively new, a summary of the important previous works is presented. For 

the uncoupled methods, Jones (1973) proposed an analytical model for slamming damage of 

ship plates considering dynamics effects by assuming a triangular pressure impulse and rigid 

perfectly plastic material. The plates were assumed to deform in the same pattern as in quasi-

static conditions. The results were given as non-dimensional curves of structural damage with 

respect to a pressure ratio and a normalized impulse. Design equations following similar prin-

ciples are given by Paik and Shin (2006) and Ma et al. (2021). Many class rules (e.g. (ABS, 

2013b)) are however, based on the equivalence concept of quasi-static pressure loads such that 

the well-established simplified models for quasi-static structural response apply. It is however 

well noted from structural mechanics under impulsive loading (e.g. Jones (2012)) that when 

the external pressure is larger than 3 times the pressure causing static collapse of structures, 

plastic hinges form in between the end and middle of the beam, and move towards the beam 
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middle span during deformation. The moving hinge response, as shown in Figure 4, is widely 

used for structures subject to explosions and blasts. 

For coupled hydro-elastoplastic theory, a first attempt was made by Yu et al (2019a) to couple 

hydrodynamic loads and plastic structural response, where the moving hinge response of rec-

tangular beams and stiffened panels were directly coupled with hydrodynamic loads repre-

sented by the potential flow theory. The results were presented using nondimensional diagrams, 

where a governing parameter of nondimensional velocity is identified. The formulations were 

validated against Arbitrary Lagrangian Eulerian (ALE) simulations in Yu et al. (2019b) and a 

recent experiment by Sintef Ocean in Yu et al. (2021). Abrahamsen et al. (2020) proposed a 

hydroplastic theory for the prediction of permanent deflections of thin plates subjected to ex-

treme slamming. The model did not include travelling hinges. This is considered reasonable 

for thin plates, which are quickly dominated by membrane reactions. The proposed model was 

validated by comparison with drop tests. The coupled consideration of hydro-plastic or hydro-

elastoplastic slamming remains limited in the literature and requires further effort to reach a 

mature understanding. 

 

Figure 4: Snapshots of displacement profiles for half of a plate strip during water entry with 

ALE simulations; the plate thickness is 6 mm and the initial impact velocity is 10 m/s. The 

time interval is 0.4 ms. The red points denote positions of the travelling hinge at each time 

instant; from Yu et al. (2019). 

 

Experiments and numerical methods are useful tools for the assessment of structural damage 

and associated coupling effect to extreme water slamming. Considerable information is sum-

marized in the report of ISSC 2009, COMMITTEE V.7 IMPULSIVE PRESSURE LOAD-ING 

AND RESPONSE ASSESSMENT (2009). Regarding experimental methods, Abrahamsen et 

al. (2020) conducted drop tests of thin-walled aluminum plates at Marintek ocean basin. The 

complex hydrodynamics of the impact were captured using a high-speed camera from below, 

refer to Figure 5. The plate deformation was tracked using a three-dimensional digital image 

correlation (DIC) technique. The experimental results for flat plate impact showed large plastic 

deformation of the plate and significant fluid structure interactions. A large air pocket was 

trapped by the deformed plate during impact. Shin et al. (2018) conducted repeated drop tests 

of flat steel unstiffened plates with varied plate thickness and drop height. Seo et al. (2018) 

further performed similar experiments for unstiffened wedges with a deadrise angle of 10°. The 

cumulative deflection due to consecutive free drop was found to approach a constant value, 

which was about 1.6 - 4.0 times as that of the first drop at the center of wedge bottom plate 

depending on both drop height and plate thickness. Results indicated that the accumulated dam-

age of ship plates under repeated water slamming cannot be neglected. 

Regarding numerical methods, Cerik (2017) conducted parametric studies of aluminum plate 

damage subjected to slamming using ABAQUS/Explicit by assuming an idealized pressure 

D
ow

nloaded from
 http://onepetro.org/snam

eissc/proceedings-pdf/ISSC
22V2/1-ISSC

22V2/D
011S001R

002/3099110/snam
e-issc-2022-com

m
ittee-v-1.pdf/1 by N

orw
egian U

niversity of Science & Technology user on 07 D
ecem

ber 2023



40  ISSC 2022 Committee V.1: Accidental Limit States 

 

 

 

 

 

 

impulse. Truong et al. (2018) adopted similar procedures to study the effect of repeated slam-

ming impacts. Empirical equations were recommended by fitting to the simulation results. 

Storheim and Lian (2018) applied a total of 775 measured slamming time series to three dif-

ferent structural models and studied the correlation between the load and response. Results 

showed a significant variability of extreme slamming loads from model tests, and that using 

the structural response as an indicator did not help resolve the variability. To account for fluid 

structure interactions during violent water slamming, the Arbitrary Lagrangian Eulerian (ALE) 

method, which is available in many commercial software packages, e.g. LS-DYNA and 

ABAQUS, are often adopted. Examples of the ALE method with respect to recent slamming 

applications are found in Truong al. (2020) , Cheon et al. (2016) , and Yu et al. (2019b). A 

better representation of the fluid and the air effect can be achieved by instead coupling with 

CFD solvers for the fluid domain, and NLFEM for the structures, e.g. Zu (2019) by coupling 

STAR-CCM+ and ABAQUS for slamming problems. Truong et al. (2021) presented a bench-

mark study on the slamming responses of flat stiffened plates. Different methodologies including 

include LS-DYNA ALE, LS-DYNA ICFD, ANSYS CFX, and Star- CCM+/ABAQUS, for the 

modelling of fluid-structure interactions are compared and discussed. 

  

Figure 5: (left and centre) Pictures taken by the high speed camera for drop test of a 0.6 mm-

thickness alluminium plate with zero deadrise angle and drop height 44.4 cm; (right) Plate 

deformation after experiments. From Abrahamsen et al. (2020). 

 

4.4.2 Collision and grounding 

The realistic analysis of ship dynamic response in accident scenarios requires the coupling of 

structural response (internal mechanics) with ship motions (external mechanics) that depend 

on the environment, operational conditions, and transient fluid motion. While hydrodynamic-

structural response coupling implies significant computational effort, these analyses are be-

coming more accessible with the increased computational power that has become available 

over recent years. Currently, we can distinguish two types of coupling methods: fully and par-

tially coupled. Fully coupled methods explicitly model the fluid (and therefore the fluid effects) 

by one of several computation fluid simulation techniques: the Arbitrary Lagrangian-Eulerian 

(ALE) technique; fully coupled CFD-FE; and smoothed particle hydrodynamics (SPH)-FE. 

Fluid effects in partial coupling methods are represented through algorithmic development of 

hydrodynamic forces (Yu, 2017). 
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Regarding fully coupled simulation techniques, only the ALE technique has been prevalent in 

collision and grounding studies. This is likely due to the associated extremely high computa-

tional requirements of coupled CFD-FEA and the novelty of using SPH modeled fluid in such 

scenarios. Regarding the SPH-FE, this is a computationally attractive option because it elimi-

nates the need to track the fluid free surface, and fluid-structure interaction forces may be han-

dled with standard Lagrangian contact algorithms. While collision and grounding research has 

yet to model fluid effects using SPH, Lee et al. (2020) suggest it may be used in studies of 

ships and offshore structures. Much work is required to ascertain whether SPH modeled fluid 

can accurately predict hydrostatic and hydrodynamic forces on ship hulls. The ALE technique 

typically models fluids with Eulerian elements and solids (i.e. the ship) using Lagrangian ele-

ments. Forces are transferred between fluids and solids via coupling algorithms, and between 

solids and solids via contact algorithms. For a recent review see Lee et al. (2017). Song et al. 

(2016) performed collision simulations between ships considering different parameters and 

compared the ALE method against a constant added mass representation of hydrodynamic ef-

fects. They concluded that the added value from the full coupling does not outweigh the exces-

sive computational effort compared with partially coupled models. Nearly the same conclusion 

was reached by Rudan et al. (2019), who compared the ALE method to a partially coupled 

approach based on MCOL – LSDYNA coupling. MCOL is a code for the analysis of rigid body 

motions of a ship subjected to hydrodynamic forces (Le Sourne et al., 2001). During the cou-

pling process, LS-Dyna and MCOL exchange data: contact force from LS-Dyna is transferred 

to MCOL and then the ship’s centre of gravity (CoG) position, velocity, and acceleration are 

updated according to hydrodynamic reactions calculated by MCOL; which are returned to LS-

Dyna for the next calculation step. Rudan et al. (2019) concluded that this approach is fast and 

stable, but requires hydrodynamic analysis of the considered ship in an independent software 

(e.g., HYDROSTAR). Furthermore, their study pointed to the complexity of choosing the cor-

rect ALE parameters and stability issues related to ALE method. 

Two partially coupled approaches were also developed by Yu (2017) by using the “user-de-

fined load and user common subroutines in LS-DYNA. Namely, the approaches differ in how 

hydrodynamic forces are calculated, either by manoeuvring model or by linear potential flow 

theory. User common subroutine allows storage of important history or external information, 

e.g., velocities of ship CoG and the impulse response function, and the load subroutine provides 

a way to apply load boundary conditions. Based on coupled simulation results, Yu et al. (2019) 

critically reviewed the assumptions behind the widely used analytical external dynamic models 

and concluded that: i) it is difficult to find a representative frequency to determine the constant 

added mass for the external dynamics models. ii) the external dynamics models assume that 

the collision duration is short, and the collision angle does not change before and after the 

collision. This is shown to be a good approximation for short duration collisions, but the accu-

racy becomes less for collisions with long durations. iii) The external dynamics models assume 

ideal collision of two rigid bodies with a common tangential plane at the contact point, how-

ever, in practice the striking and struck objects often do not have a common tangential plane 

before impact. It may not be straightforward to determine the normal vector of the contact plane 

as a function of the inputs of the external dynamics models. iv) In some cases, motions of the 

striking ship may be hindered by large deformation and rupture of the struck structures. This 

motion locking effect will significantly increase the total dissipated energy but is not consid-

ered in external dynamic models with the rigid body assumption. This may be remedied by 

giving the model an artificially large friction factor to forcefully enable a ‘sticking’ case when 

motion locking occurs. To summarize, the external dynamic models generally give quite good 

predictions of the collision energy, but the users should be aware of the assumptions made by 

the external dynamics models and circumstances where the accuracy may decrease due to in-

validation of underlying assumptions. 

The partially coupled approach based on LS-DYNA MCOL was extended by Kim et al. (2021) 

to account multi-physics effects during ship collision and grounding process. The impact 
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velocity in 6DOF considering evasive action was defined through manoeuvring analysis and 

the resistance force was evaluated using a CFD solver. Two scenarios corresponding to colli-

sion and grounding accidents with passenger vessels were considered. They concluded that the 

effect of resistance on the analysis results is negligible and that the hydrodynamic restoring 

forces may be the most influential on the structural dynamic response. 

For a more general overview of damage assessment models used in the analysis of ship and 

offshore structures, but not limited to FE based approaches see Deeb et al. (2017). 

4.4.3 Underwater explosions 

Underwater explosions (UNDEX) have long been the focus of defence naval research. Today, 

non-military issues such as accidental underwater explosions near offshore installations (jack-

ets, risers, etc.) as well as terrorist attacks against non-military vessels may be considered as 

accidental events. In this field, the main challenges/difficulties lie in understanding and mod-

elling the physics of the interaction between the immersed structure and the surrounding water, 

both at early time (a few milliseconds) and long-time (a few tenth of a second) phases. 

Theoretical studies performed by Kennard (1943), Bleich et al. (1970) and Newton (1978) give 

many insights in regard to fluid-structure interactions (FSI) occurring in such events like bulk 

cavitation that may develop in the vicinity of an immersed structure. Over the past decades, 

many researchers have brought several advances forth, and a considerable body of literature 

already exists. Cole (1948), Mair (1999), and Porfiri and Gupta (2009), and more recently 

Mouritz (2019),Tran et al. (2021) and Wanchoo et al. (2021) provided a wide overview of 

many of those underwater explosion studies. 

Experimental methods 

Early before World War I, experimental methods had been performed from full‐scale and large‐

scale explosive testing to laboratory‐controlled scale. Most full‐scale and large‐scale experi-

ments have been mainly conducted at sea or in a detonic basin by defence organisations. Alt-

hough the most precise to assess shock resistance of structures, these tests are very costly and 

require many precautions and safety measures; therefore, laboratory-scale installations like wa-

ter-filled shock tubes, water-filled chambers, spherical pressure vessels and cubic tanks are 

nowadays commonly used at research centres and universities. 

To obtain controlled loading and reproduce different water-structure contact conditions, an un-

derwater shock loading simulator (USLS) was used by Avachat et al (2016) to provide a variety 

of load configurations with quantitative diagnostics. Important features of this facility include 

the ability to generate water-based impulsive loading of a wide range of intensity, the ability 

to simulate the loading of submerged structures, and integrated high-speed photographic and 

laser interferometric diagnostics. Figure 6 shows a schematic illustration of the cross-section 

of the USLS. 

 

Figure 6: A schematic illustration of the dynamic compression test setup within the 

underwater shock loading simulator (USLS) (from Avachat et al (2016)). 
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Experimental investigations were carried out by Wu et al. (2018) in an artificial water pool on 

steel cylindrical shell-water-cylindrical shell structures subjected to near field or contact un-

derwater explosion loading. Major deformation modes were analysed considering the effect of 

standoff distance, shell thickness and water interlayer thickness. In the same way, a ballistic 

pendulum system suspended on the top of an explosion vessel was employed by Ren et al. 

(2019) to investigate the response of water-back metallic sandwich panels. To generate an un-

derwater shock wave, an explosive charge was fixed at the centre of a water filled PVC tube 

located at a given standoff distance from the panel. A large diameter test tank was used by 

Gauch et al. (2018) to study the behaviour of composite cylinders to near field (UNDEX) load-

ing, including the effects of polyurea coatings. The transient response of the structure as well 

as its interaction with the expanding gas bubble were evaluated through high-speed photog-

raphy coupled with 3D Digital Image Correlation. A similar measurement system was em-

ployed by Kishore et al. (2021) to investigate the interaction between the water and a cylindri-

cal shell immersed at a near critical hydrostatic pressure and subjected to the implosion of 

another shell in proximity. 

Laboratory‐scale experiments require less preparation time and lower cost, whereas they are 

repeatable, safer, and more controllable than full‐scale or large‐scale experiments. Both struc-

ture response and shock wave pressure history can be captured by the aforementioned installa-

tions, whereas only a transparent shock tube system allows for direct observation of the entire 

process during the experiment, including inception and collapse of cavitation bubbles. 

Analytical methods 

Although it is well accepted that a quasi-static approach is suitable for ship grounding and 

collision analyses, structure inertial forces involved in UNDEX are much higher than resistant 

forces and, consequently, cannot be neglected when deriving analytical solutions. Among the 

earliest theoretical works, Taylor's one-dimensional FSI theory (Taylor, 1963) is a well-known 

and a widely adopted approach due to its simplicity and effectiveness. The major finding is that 

the momentum transferred to the plate could be substantially reduced by decreasing the plate 

areal mass or its acoustic impedance due to the FSI. 

Among the most important works over the past decade, Schiffer and Tagarielli (2014) proposed 

an analytical model to predict the response of circular, fully clamped, orthotropic elastic plates 

loaded by a planar, exponentially decaying shock wave in water. The model considers the prop-

agation of flexural waves in the plates as well as fluid-structure interaction prior and subsequent 

to water cavitation. Expressing the unavailability of closed‐form analytical solutions for fully 

coupled FSI problems, the authors attempted a numerical approach that leads to geometry‐

specific results. They determined that the initial phase of response is dominated by the mode 

shape associated with the lowest vibration frequency. These analytical predictions were then 

successfully compared to those of detailed dynamic FE simulations and later to laboratory-

scale experiments (Schiffer & Tagarielli, 2015). 

Fluid-structure interaction solutions for the water blast response of marine composite sandwich 

panels with crushable foam cores were presented by Hoo Fatt and Sirivolu (2017). Reflected 

and radiated acoustic pressure waves were introduced using Taylor's FSI method into La-

grange's equations of motion for the sandwich plate and a resulting matrix differential equation 

system was solved numerically. The predicted elastic-plastic transient response of the panel 

from the proposed model was shown to be fairly consistent with results from ABAQUS/Ex-

plicit. 

While Taylor's model predicts well for higher areal mass density plates, it fails to capture the 

FSI phenomenon accurately for low areal mass density plates. Kishore et al. (2020) derived an 

analytical model for immersed plates subjected to near field dynamic loads, addressing these 

shortcomings. The model compares well with the experimental results of a submerged 
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aluminum plate subjected to shock loading by predicting with great accuracy the pressure–time 

history of the plates’ reflected pressure and transmitted pressure. 

Sone-Oo et al. (2020) discussed the applicability of Taylor’s theory to assess the underwater 

blast response of composite plates. The applicable limit of the approach was exposed in terms 

of the time ratio between the decay time of the loading and the plate in-air swing time as well 

as in terms of a FSI parameter that relates decay time and areal mass. Although the early-time 

interaction effect is properly accounted for, the late time response involving water inertial 

forces is not considered and Taylor’s theory tends to underestimate the structural response. 

That is why Brochard et al. (2018) coupled a plastic-string-on-plastic-foundation model ini-

tially proposed by Hoo Fatt and Wierzbicki (1991) for air blasts with a two-step impulse-based 

approach for assessing the plastic damage of an immersed metallic cylinder subjected to an 

UNDEX primary shock wave. Here, the long-time interaction is considered through the intro-

duction of a water added mass calculated in the cylinder damaged area. The method was later 

extended to deeply immersed cylinders, for which the action of hydrostatic pressure is of high-

est importance (Brochard et al., 2020). In the same way, Sone-Oo et al. (2021a) coupled closed 

form solutions for orthotropic rectangular panels subjected to UNDEX shock waves with a 

two-step approach to model both early and long-time fluid structure coupling. The internal 

mechanics solver, initially limited to small shell deflection, was later extended to large dis-

placements and, at the same time, coupled with a Doubly Asymptotic Approximation solver to 

improve fluid structure interaction modelling (Sone Oo et al., 2021b). 

Numerical methods 

In the defence domain, national codes capable of capturing the full range of coupled explosion 

and target interactions exist. These numerical tools typically require a high level of computa-

tional resources and are available only for defence applications. Outside of defence applica-

tions, LS-DYNA and ABAQUS have been used to capture underwater explosion effects. This 

can be accomplished using either an acoustic-type or Eulerian fluid approach. 

The acoustic approach is effective for far-field loading and is computationally efficient. With 

the development of Doubly Asymptotic Approximations (DAAs) during the 1970s by Geers 

(1978), the paradigm for treating UNDEX problems was shifted to a new era. DAAs have been 

implemented in Underwater Shock Analysis (USA) code and then incorporated into various 

commercial finite element tools such as LS-DYNA and DYTRAN (see DeRuntz, Jr. 1989). 

These time domain differential equations approach exactness at both high and low frequencies 

and allow for a smooth transition in between. They are expressed in terms of wet surface vari-

ables only, so it is not needed to explicitly model the surrounding fluid; however, such acoustic-

type approaches encounter difficulties in capturing the effects of near-field explosions as well 

as cavitation. For example, Sone-Oo et al. (2021b) demonstrated that the DAA approach is 

accurate only for scenarios where bulk cavitation is negligible; that is, when the shock wave 

decay time is long compared to the plate response time. 

The use of Euler type approaches has the advantage of directly capturing pressure and explo-

sively generated gas bubble effects. These methods require Equation of State (EOS) parameters 

for the explosive material, water, and if relevant, air. They are however numerically challeng-

ing due to the extensive computational requirements of a large 3D water domain, as well as 

difficulties in achieving accurate and efficient fluid-structure coupling. In Wang et al. (2016), 

a simple method to determine the mesh size for numerical simulations of near field underwater 

explosion was developed. To this end, the mesh size effects on the shock wave propagation of 

underwater explosions were investigated for different charge weights, through which the cor-

relation between mesh sizes and charge weights was identified. The proposed meshing rule 

allowed for adequate balance between solution accuracy and computational efficiency. Shams 

et al, (2017) proposed a modeling framework to investigate the two-dimensional, nonlinear 

hydroelastic response of thin composite structures. Panel dynamics were described using 
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nonlinear Euler-Bernoulli beam theory incorporating von Kármán nonlinearity. Potential flow 

theory was used to model the fluid flow, and a closed form solution was established for the 

hydrodynamic pressure as a function of the panel acceleration. A Galerkin discretization 

method was then implemented to cast the problem into a set of nonlinear ordinary differential 

equations, which were solved using a polynomial set of basic functions. In the same way, a 

coupled method utilizing advantages of the Runge-Kutta Discontinuous Galerkin scheme and 

finite elements was developed by Zhang et al. (2018) to investigate pressure characteristics and 

cavitation effects of near-field underwater explosions of cylindrical charges near single/double 

plates. Effects of both the plate thickness and the distance between the charge and the plate on 

pressure and cavitation characteristics were analyzed. Finally, Wu et al. (2020) utilized the 

Local Discontinuous Galerkin (LDG) method to capture the propagation of the shock wave in 

the fluid domain and employed the pressure cut-off model to calculate cavitation effects. The 

proposed model was used to investigate the interaction between an UNDEX shock wave and a 

submerged sphere. The LDG method was shown to better capture the shock discontinuous 

wave than the traditional acoustic approach. 

4.4.4 Fires 

Ryu et al. (2021) present transient thermal elastic-plastic large-deformation finite element mod-

els for the analyses of heat transfer and fire-induced progressive collapse behaviour of steel 

stiffened plate structures. They examine structures with and without passive fire protection. 

The numerical models were validated against full-scale test data. Paik (2020a) presents CFD 

models for predicting gas cloud temperature time histories in fires. Paik (2020b) presents com-

putational models for structural crashworthiness analysis in fires. He discusses one-way and 

two-way models, citing that two-way models provide more realistic results. 

4.5 Material Failure Criteria 

Fracture criteria that account for stress state have become standard in the marine community 

to assess ductile fracture scenarios. The common assumption is that failure occurs in the plate 

field primarily under tensile states; thus, most advancements in developing fracture criteria 

have focused on corresponding stress states. In contrast, failure in out-of-plane shear-domi-

nated loading states is a relatively unexplored territory in the context of shell elements. The 

probability of this failure mode increases with the decreasing ductility characteristic to high 

and extra-high strength steels. 

Recent work by Woelke (2020) presented a constitutive model for shell elements that is tied to 

void fracture mechanics models. The work includes a careful consideration of calibration to 

test data as well as an energy-based method to account for element size effects. A remaining 

challenge is the development of analytical approaches for capturing through-thickness shear in 

the context of shell elements. Furthermore, simulations by Atli-Veltin et al. (2016) showed that 

fracture onset in maritime crash analysis is not limited to tensile loads and can equally well 

occur under lower triaxialities. Therefore, Kõrgesaar (2019) analyzed the quantitative effect of 

the low stress triaxialities on large-scale FE crash simulations with different fracture criteria. 

The simulation results with different criteria under membrane deformations (tensile loads) were 

quite consistent, while the results were far less consistent when the fracture occurred under 

lower triaxialities. The lower triaxialities were shown to prevail in stiffened structures. There-

fore, it was suggested that future investigations and benchmark analyses be designed to evoke 

lower stress triaxialities, which would better reveal the limits of the fracture criteria. In the 

same study by Kõrgesaar (2019), the history of deformation and how this is interpreted by 

failure criterion was shown to have a strong influence on the analysis results. For instance, 

simulations with two stress state dependent fracture criteria that provided the same failure 

strain, but accounted damage history differently, led to very different force-displacement 

curves. Therefore, as a practical guideline, investigations should always report whether the 

used fracture criterion accounts for deformation history or not. 
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Recent developments in failure criteria have been geared towards a better identification of fail-

ure modes. For instance, Woelke et al. (2018) discuss the difference between fracture behavior 

of thin sheets under plane strain bending and tension as well as showcase how fracture initiation 

could be delayed under bending dominated loads. Pack and Mohr (2017) and Costas et al. 

(2019) developed approaches that can distinguish between membrane and bending defor-

mation. The approach by Pack and Mohr (2017) was shown in Cerik et al. (2019) to give con-

sistent element size independent results for a stiffened plate ruptured under membrane tension. 

The Pack and Mohr approach offers a middle ground between accuracy and calibration. First, 

a fracture locus is calibrated with different material tests on top of which a localization curve 

is added. The latter is relatively straightforward and can be automated once the fracture locus 

has been calibrated. The two approaches (i.e. Pack and Mohr (2017) and Costas et al. (2019)) 

that can distinguish between membrane and bending deformation mode were also employed 

by Kõrgesaar and Storheim (2020) in the numerical fracture simulations of different structural 

components relevant to marine structures. In these simulations the range of stress states was 

not limited to tension. In contrast to Cerik et al.’s results (2019), these simulations showed that 

the Pack and Mohr approach did not yield better accuracy compared to approaches that do not 

distinguish deformation modes. The probable reason for decreased accuracy is accumulation 

of deformation under stress states where a localization curve is not defined (stress triaxiality < 

1/3). Instead, a Cockcroft–Latham failure criterion that was extended by bending mode indica-

tor to account for bending damage Costas et al. (2019) gave the least scatter among different 

analyzed cases. This preliminary study should be extended with experimental verifications and 

consideration of additional fracture criteria used in the community (e.g. BWH). 

Accounting for mesh size effects in capturing different deformation modes and fracture is an 

important aspect that continues to be investigated; e.g. by Wiegard and Ehlers (2020). As the 

mesh size increases, the strain at failure decreases due to the increased volume of lower strain 

material away from the crack. For cases where necking is well defined, e.g. plane strain tension, 

averaging approaches weighting material inside and outside the neck are effective. However, 

for cases where a necking occurs due to shear localization or is even suppressed (bending), this 

procedure is less well understood. Furthermore, the role of strain rate in mesh size dependency 

is unclear. Therefore, further efforts into the role of stress triaxiality and strain rate are required. 

Kõrgesaar et al. (2021) presented a python routine called ‘WELDINP’ to identify the weld zone 

in ABAQUS models by automatically identifying structural intersections. This is especially 

useful for special treatments in fracture modelling near welds and material modelling in the 

heat affected zones. 

Increasing marine operations in Arctic regions have stimulated the interest in fracture model-

ling with shell elements at low temperatures. Noh et al., (2018) validated the plasticity model 

of F-grade marine structural steel with drop-weight impact tests and showed that FH32 material 

remained ductile even at −60°C. In experiments, no fracture took place, so no fracture model 

was implemented. Their numerical simulation accuracy increased when strain rate effects were 

included in the plasticity model. As a further development they foresee a ductile fracture mod-

elling approach tailored for low temperatures considering strain rate effects. The effect of low 

temperatures (down to −90°C) on fracture ductility under different stress states has been inves-

tigated by Tu et al. (2018) and Perez-Martin et al. (2019). Although they didn’t work with 

marine grade structural steel, they report that the effect of low temperatures on the fracture 

locus is insignificant compared to room temperature fracture locus (see Figure 7). Cerik and 

Choung (2020) performed numerical simulations with steel grillages assuming three different 

material grades (DH32, DH36 and EH36) at three temperature levels (−50°C, −30°C, and room 

temperature). Necking criterion used in simulations is calibrated based on the tensile tests per-

formed by Min et al. (2013), which showed improved work hardening characteristics and 

higher fracture strain at lower temperatures. This enhanced ductility reveals itself also in the 

grillage simulations, leading authors to the same conclusion reached by Ehlers and Ostby 
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(2012) that crashworthiness improves at low temperatures. Nevertheless, in both studies, crash-

worthiness was assessed only numerically without experimental verification. Whether extrap-

olation of quasi-static tensile test results lends itself for characterization of actual crashworthi-

ness of steel structure with all its structural imperfections and material inhomogeneities (HAZ) 

remains to be answered. The HAZ caused inhomogeneities on crashworthiness of sandwich 

plates were numerically investigated by Berntsson et al. (2019) and Kõrgesaar et al. (2019) 

who varied the material parameters in the heat affected zone, which had a marked effect on the 

crashworthiness. Similar variations in response are possible at low temperatures caused by the 

differences between weld and base metal as well as ductile-to-brittle transition. This notion is 

supported also by experiments by Kim et al. (2016) who performed drop impact tests at -60°C. 

The unstiffened plates remained intact, but stiffened plates fractured in a brittle manner exhib-

iting ductile-to-brittle behavior. Ductile-to-brittle transition was also observed in full-scale col-

lapse testing of stiffened plate structure by Paik et al. (2020b). The two most important conclu-

sions from their analysis are that i) the failure modes of steel plated structures under axial 

compressive loads at cryogenic condition are totally different from typical collapse modes at 

room temperature, and ii) advanced computational models for structural crashworthiness at low 

temperature are needed. First efforts regarding the second point were taken by Mokhtari et al. 

(2021) who conducted thermal analysis with EH36 grade steel subjected to non-spreading cry-

ogenic spills. Such basic investigations attempting to explain the underlying physics will even-

tually provide a pathway to better computational models applicable to large-scale. 

 

Figure 7: Fracture strain versus average stress triaxiality at different temperatures (Figure 

adopted from Tu et al., (2018)). 

 

All of the aforementioned fracture models discussed above require calibration – i.e., determi-

nation of the material parameters that are used in the numerical model. This is an expensive 

process, and the specific material properties are often not available in design and analysis 

phases, so having some pre-existing calibrated values would be of tremendous use for industry. 

There have been recent attempts at publishing material parameters. For example, Paik et al. 

(2017) published plasticity and basic failure data for several materials that are of use in the 

maritime industry. Notably, Cerik et al. (2019) performed a calibration of a ductile failure locus 

for DH36 steel and compared it with two other calibrations from the literature. The fact that 

these three calibrations did not match indicates that test data from one steel cannot be readily 

applied for another steel – even if they are the same nominal grade and quality. These published 

values may nevertheless be useful references for designers who do not yet have direct access 

to the steels to be used for their structures. 

Given that in simulation of marine structure components localization is often a better indicator 

of fracture onset than a fracture criterion determined with tensile tests (due to the large element 

size), simulation accuracy could be improved by stress state dependent localization criteria. 

For example, the Pack-Mohr approach (Pack & Mohr, 2017) is extended by consideration of 

localization at lower stress triaxialities. 
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5. RECENT AND UPCOMING ALS RESEARCH AREAS 

This chapter reviews recent ALS related publications pertaining to new and emerging research 

areas. It identifies knowledge gaps, and where applicable, guidance and recommendations are 

provided. 

5.1 Introduction 

The future of maritime transport and utilization will bring new types of accidents, or re-shape 

the causes and consequences of familiar ones through the development of technology, climate 

change, changes in societal behaviour, and/or economic drivers. For example, Inmarsat (2021) 

reports that climate change raises concern about the safety of vessels in the future, citing “Cli-

mate change and the impact of extreme weather conditions are a growing cause for concern in 

the maritime sector. It is notable that all three years of data show a consistent rise in distress 

signals during November and December, which are months known for bad weather in the north-

ern hemisphere." One particular consequence of this is that relatively small fishing vessels will 

be affected; with Inmarsat (2021) noting that “… fishing vessels consistently rank[ing] in the 

top two vessel types for distress calls over the three-year period …”. Another example of 

changing accident scenarios as a function of technology development relates to increasing ves-

sel size. Allianz (2021) reports (referring to the Ever Green grounding in March 2021): “As the 

Suez Canal incident demonstrated only too well, ever-increasing vessel sizes continue to pose 

a disproportionately large risk with costly groundings, fires and record levels of container 

losses at sea.” 

International regulations, goals, and guidelines surrounding allowable ship emissions are rap-

idly changing. Since January 1, 2013, the International Maritime Organization (IMO) has re-

quired a minimum energy efficiency level per capacity mile (e.g., tonne mile) for various types 

of commercial ships. Ever tightening (every 5 years) Energy Efficiency Design Index (EEDI) 

criteria are drivers of change for new build ships. IMO’s new regulation IMO2020 came into 

effect Jan. 1, 2020, which limits the sulphur in fuel oil to 0.50% (mass by mass); which leads 

to reduced sulphur oxide (SOx) emissions. Important research into alternative fuels and meth-

ods of propulsion is underway for future new build ships. Presently, the IMO’s Energy Effi-

ciency Existing Ship Index (EEXI) is driving change to lower emissions for existing ships. 

Novel propulsion technologies under development in response to mandated emissions reduc-

tions will bring a need for new considerations about ship structural design and safety. McKinlay 

et al. (2021) present a case study comparing the volume and mass and design considerations of 

different energy sources providing 9270 MWh; namely LNG, diesel, hydrogen (gas), hydrogen 

(liquid), metal hydride, ammonia, methanol and Li-ion batteries. They found the three most 

promising candidates to be hydrogen, ammonia, and methanol; due to their potential to produce 

emission free electricity via a fuel cell. Other works often cite ammonia as a high-density and 

low-cost hydrogen carrier (Baldi et al., 2019). The accidental scenarios associated with the 

storage and use of these alternative fuels requires further study. 

Rising interest for autonomous and/or remote-controlled surface ships and related shore control 

centres will bring a new set of challenges in unmanned ship operations exposing ships and 

maritime traffic, in general, to possible accidents. Wahlström et al. (2015) list possible prob-

lems due to human mistakes in remote control centres, such as information overload, boredom, 

mishaps during changeovers and handoffs, lack of feel of the vessel, constant reorientation to 

new tasks, delays in control and monitoring, and the need for human understanding in local 

knowledge and object differentiation (e.g., in differentiating between help-seekers and pirates). 

This list may be expanded with incompatibilities of monitoring systems, cyber attacks, lack of 

redundant systems on board the vessel, etc. 

The European Council for Maritime Applied R&D (ECMAR) aims for zero-emission and zero-

accident ships, see e.g., ECMAR position paper (ECMAR, 2017), while recognizing new chal-

lenges: human-machine interfaces, new offshore energy harvesting facilities, marine 

D
ow

nloaded from
 http://onepetro.org/snam

eissc/proceedings-pdf/ISSC
22V2/1-ISSC

22V2/D
011S001R

002/3099110/snam
e-issc-2022-com

m
ittee-v-1.pdf/1 by N

orw
egian U

niversity of Science & Technology user on 07 D
ecem

ber 2023



ISSC 2022 Committee V.1: Accidental Limit States 49 

 

 

 

 

 

 

biotechnology, arctic technologies, cyber security, etc. Adding to that, completely novel struc-

tures may exist in the future. Drummen and Olbert (2021) presented a conceptual design of a 

modular floating multi-purpose island, in response to the problems of increasing population, 

rising water levels, and the need for additional space for food growth and energy harvesting. 

The implementation of such new technologies must necessarily require the definition of the 

new associated hazards and risks. 

Future concerns might well bring challenges like those recognized in the ongoing COVID-19 

pandemic, such as: human errors due to crew fatigue, reducing operation costs at the expense 

of safety, cargo damage due to delays, and maintenance problems and breakdowns (Prosertek, 

2020). 

A review of the recent research efforts addressing some of the ALS concerns for the mentioned 

challenges is presented below. 

5.2 Collision Avoidance 

As mentioned above, ship collision is a significant threat to maritime safety. Further, autono-

mous ships are now a reality, with the successful first voyage of the MV Yara Birkeland 

(Schuler, 2021). Autonomous surface ships have a potential to reduce the costs and risks of 

maritime transport, however upcoming challenges are still enormous: from the technological 

transition required for a ship to operate autonomously, to legal requirements and societal 

changes to be addressed. 

With the rise of machine learning algorithms and big data analytics, particularly in the line of 

rising interest in autonomous vessels development, there is growing research interest in intel-

ligent systems in the service of ship collision avoidance. One research direction is oriented 

toward the minimization of ship collision risks. Abebe et al. (2021) developed a machine-learn-

ing estimation of ship collision risk based on collision risk index and gradient boosting regres-

sion (GBR) model. Zhang et al. (2020) proposed a method for detection of ship collision risk 

using convolutional neural network model (CNN) for interpretation and classification of ship-

ship collision risks in encounter scenarios, based on recognition and interpretation AIS based 

image data. Wang et al. (2019) proposed a deep reinforcement learning obstacle avoidance 

decision-making (DRLOAD) algorithm for unmanned ship navigation in unknown environ-

ments. This paper addresses the fact that the marine environment is complex and volatile and 

that there is a need for an anthropomorphic decision-making algorithm learning from seafarers’ 

experience. A simulation environment model was generated, as well as the sensor model and 

avoidance reward function. 

Another research direction considers ship trajectory prediction as a tool for ship collision avoid-

ance and ship maneuvering in restricted environments. Zhao et al. (2022) presented AIS data 

supported ship trajectory prediction using Empirical Model Decomposition (EMD) based on a 

machine learning framework. Shen et al. (2019) used a systematic approach in application of 

deep Q-learning applied to automatic collision avoidance, particularly in restricted waters, both 

by numerical simulations and experimental test. They demonstrated that deep reinforcement 

learning (DRL) has great potential in automatic collision avoidance actions. Ozturk et al. 

(2019) presented novel methodology to assess the navigational collision risk (NCR) in port 

based on machine learning and fuzzy inference. Simulation results were validated by ship-

handling simulations performed by 20 expert pilots and tested in a port approach maneuvering 

scenario. Authors indicate the possible application of the methodology in auto-berthing sys-

tems and in cooperative collision avoidance situations. Zhao and Roh (2019) point out that 

“Developing a high-level autonomous collision avoidance system for ships that can operate in 

an unstructured and unpredictable environment is challenging.” In their paper they proposed a 

method aimed to overcome the multi-ship collision avoidance problem based on a DRL algo-

rithm. In their study, ships can autonomously decide to avoid collision while complying the 

COLREG requirements. Their proposed method indicates successful collision avoidance 

D
ow

nloaded from
 http://onepetro.org/snam

eissc/proceedings-pdf/ISSC
22V2/1-ISSC

22V2/D
011S001R

002/3099110/snam
e-issc-2022-com

m
ittee-v-1.pdf/1 by N

orw
egian U

niversity of Science & Technology user on 07 D
ecem

ber 2023



50  ISSC 2022 Committee V.1: Accidental Limit States 

 

 

 

 

 

 

performance. Zhang et al. (2019) discuss decision-making for the autonomous navigation of 

maritime autonomous surface ships in an uncertain environment. A decision-making system 

based on hierarchical deep reinforcement learning is proposed, consisting of two layers: the 

scene division layer and an autonomous navigation decision-making layer. In performed sim-

ulations obstacles such as ships, breakwater and shore bank were simulated in the environmen-

tal model. 

Along with the most recent papers listed above, a comprehensive state-of-the-art review of the 

collision-avoidance navigation systems for Maritime Autonomous Surface Ships (MASS) is 

presented by Zhang et al. (2021). A summary of guidance documents is listed, as well as major 

advancements in maritime collision-avoidance navigation technologies and systems. Existing 

and prototype maritime autonomous surface ships are presented in a table form. Another liter-

ature survey, presented by Burmeister and Constapel (2021), considers collision avoidance and 

path planning. It investigates methods based on artificial intelligence, data-driven methods 

based on machine learning, and other data science approaches. It separately treats collision 

avoidance and motion and path planning. Both review articles from Zhang et al. (2021) and 

Burmeister and Constapel (2021) provide a comprehensive list of contemporary results in this 

growing research field. 

5.3 Offshore Wind Turbines 

Offshore wind turbines are at the forefront of the green transition. The number of offshore wind 

turbine installations, including both bottom fixed and floating types, is expected to grow at 

record speed in the coming decades. Energy coming from the wind and the sun are the two key 

sources of renewable energy recognized by the International Energy Agency (IEA) in the fore-

cast of global energy production till 2050 in the IEA “Net Zero by 2050” report (IEA, 2021). 

IEA forecasts solar power to increase 20 times and wind power 11 times until 2050; becoming 

leading sources of electricity before 2030 and generating globally nearly 70% of electricity in 

2050. International Renewable Energy Agency (IRENA) forecast a total of 4% of global power 

generation will come solely from offshore wind production plants, rising from approximately 

20GW in 2018 to 520GW in 2050 (IRENA, 2018). At the same time, turbine size and capacity 

factors are constantly increasing. Offshore wind farms are often located near the coast close to 

traffic lanes and are exposed to the risk of collisions from visiting and passing ships due to 

human errors, unsuccessful avoidance maneuvers or free drifting of vessels following a pro-

pulsion damage. The challenges for ship-OWT collision analysis lie in the multidisciplinary 

nature of the problem including interactions of hydrodynamics, structural mechanics, and aer-

odynamics. Each of the three aspects requires considerable efforts for modelling accuracy. In 

addition, different designs of foundations exist for offshore wind turbines either bottom fixed 

or floating, and their performances under ALS loads may differ as well. Design standards for 

the ALS design of offshore wind turbines are not established. More research efforts are needed. 

Jensen et al. (2018) pointed that while typical offshore wind farms are likely to use bottom-

fixed foundations for years to come. Floating structures makes it possible to go even further 

offshore or use deeper locations, indicating the need for future research efforts in that direction. 

Yang et al. (2021) investigated mooring breakage effects of a 5MW barge-type floating off-

shore wind turbine. They concluded that the remaining mooring lines are able to take over the 

additional load so that mooring system is not at risk of progressive failure. Even so, notable 

changes in the platform sway and yaw motions are noticed. Yue et al. (2021) proposed a novel, 

fractal cross section of a fender structure protecting the tripod of the offshore wind turbine 

(OWT) and investigated its anti-collision performance. Model validation was done under the 

collision conditions involving a 5000t ship with a 2 m/s velocity. Collision resistance perfor-

mance was tested for protection devices with different fractal order and both structural response 

and top OWT acceleration was examined. Jia et al. (2020) studied the response of a 4 MW 

offshore wind turbine under a collision load from the berthing of a maintenance ship as well as 

due to operational loads: wind, sea current and waves. Environmental parameters were used as 
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input in the test for normal operating conditions and further research is suggested for other load 

cases such as starting, stopping, idling, operation with fault, and so on. Han et al. (2019) studied 

anti-collision performance of a protective fender during collision of a ship and tripod founda-

tion of an offshore wind turbine. Different material layouts for the fender were considered, 

namely rubber and aluminium foam inside of cylindrical steel plating. A 2500 t ship was con-

sidered in collision analysis with different initial speeds. In addition, a coefficient of restitution 

was defined to examine the progression of plastic deformation with the increase of ship veloc-

ity. Song et al. (2021) made a comparison of numerical and analytical methods of analysis of 

impact of a ship with a monopile-supported offshore wind turbine. A number of collision sce-

narios were analysed considering wind direction, wind speed, aerodynamic damping and other 

factors. Among these, impact velocity and wind direction affected the wind turbine response 

significantly. Further research is proposed for consideration of hydrodynamic loads, as well as 

floating wind turbines. 

5.4 Floating Bridges 

Following the pioneering work from Sha et al. (2017) and Moe et al. (2017), Sha et al. (2019) 

examined local and global responses of a floating bridge under ship-girder collisions. The finite 

element method was applied in a study of collision between a deformable ship structure and a 

floating steel box girder shaped bridge. The paper examines the local and global responses to 

determine the ratio of energy absorbed locally through elastic and plastic deformation, and the 

energy dissipated by the global bridge motion. 

As bridges become more ambitious, there is a greater chance that they will face collision with 

ocean-going ships and boats. Motivated by Norway’s ambitious plan to span fjords with float-

ing bridges, Storheim et al. (2018) did an analysis of a potential submarine collision with the 

cables that might be used to support one span with a tension-leg platform. 

5.5 LNG Leakage 

Galierkova et al. (2021) studied maritime accidents with hazardous substances involving chem-

icals belonging to two groups: Hazardous and Noxious Substances (HNS) and oily substances. 

They point out that, while HNS spills are far less common than the oil spills, they have a po-

tential to be more dangerous. In addition, oil spill consequences may be predicted with a certain 

level of confidence while HNS spills may vary significantly from one case to another. Cao et 

al. (2021) performed a safety analysis of a vent mast on an LNG powered ship during a low-

temperature combustible gas leakage accident. Simulation of an LNG vapour cloud diffusion 

was carried out using the CFD method. Both concentration of gas and temperature field distri-

bution were examined, and potentially dangerous areas were identified. They concluded that 

the proposed method could be used as a tool for determination of layout of equipment modules, 

optimization of leakage and dispersion detection systems and other uses. Jiao et al. (2021) per-

formed extensive research on contemporary scientific contribution (2005-2019) to LNG safety 

related to quantitative risk assessment, LNG evaporated gas and other topics. A knowledge 

map analysis was created by examining Web of Science data, through the process of identifi-

cation, screening, and eligibility. The aim of the study was not to point out specific papers but 

to reveal the existence of a total of 1122 articles published in 509 different journals considering 

the topic of LNG safety. The paper lists top 14 prolific journals with more than 10 LNG safety 

articles published, displays co-authorship networks, and lists the top 8 critical authors in LNG 

safety research. As such, the paper provides valuable information on the worldwide distribution 

of LNG safety knowledge. Iannaccone et al. (2021) performed numerical simulations of LNG 

tanks exposed to fire. A two-dimensional CFD model was developed, validated, and extended 

to large-scale tanks simulating fire engulfment scenarios. Time evolution of condensation and 

evaporation, as well as temperature contour plots are presented. The paper highlights the influ-

ence of thermodynamic and geometrical features over the spatial distribution of evaporating 

zones and temperature fields inside cryogenic tanks and indicates the need and direction for 
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further research. Park (2019) investigated the development of a design reference stress for de-

termining ultimate crushing capacity of a membrane-type LNG cargo containment tank; spe-

cifically, the NO96 type. Crushing of a multi-material membrane-type structure due to the ac-

tion of a sloshing load was examined numerically, using a nonlinear FE method. Load capacity 

of the bulkhead intersections was evaluated via a bending capacity assessment. The paper in-

dicates the need for future studies of crushing failure at the LNG operating temperatures. 

5.6 Fish Farming 

FAO technical paper 549 (Kapetsky et al., 2013) indicated large, unrealized offshore maricul-

ture potential from a spatial perspective. Another view of unrealized offshore mariculture po-

tential relates to divorcing offshore installations from their present dependence on being 

moored. Free-floating and propelled installations represent offshore mariculture potential for 

the future. Global aquaculture production more than tripled in live-weight volume from 34 Mt 

in 1997 to 112 Mt in 2017, of which freshwater fish account for 75% of global edible aquacul-

ture volume (Naylor et al., 2021), supporting the FAO conclusions. Holen et al. (2019) studied 

major accidents in Norwegian fish farming, such as explosion, fires, emissions/release, damage 

to structure, failure of life support and loss of well control. Among others, they concluded that 

risk management in fish farming must include major accident prevention strategies in addition 

to the management of long-term risk and sustainability during fish production. Safety4Sea 

(2018) lists primary reasons for ship collision with fishery farms, following 71 fisher farm entry 

claims in China alone, in 2017. However, the existing research effort is not proportional to the 

challenges related to fish farm safety. 

Due to limited nearshore areas and its great impact to local ecosystems, the aquaculture indus-

try is moving fish farms into more exposed sea regions where the environmental conditions are 

much more severe. However, harsher environmental loads and frequent aquaculture operations 

imply risk for accidental actions, such as ship collisions or extreme wave loads, where damage 

potential and possible consequences can be severe. The accidental actions may lead to unde-

sired fish escape, which will cause major economic loss for the fish farming industry and is 

considered to have negative impact on the wild stocks. The designs of fish farming cages vary 

considerably from traditional flexible cages with plastic floating collars, to semi-flexible and 

‘rigid’ cages. Examples can be found from two new designs of offshore aquaculture cages in 

Norwegian waters, the ‘Ocean Farm 1’ semi-submersible fish farm and the ‘Havfarm1’ ship-

shaped fish farm. Design standards of offshore fish farms against accidental actions are lacking, 

and relevant research work is very limited as well. A recent work was carried out by Yu et al. 

(2019), where local and global responses of the Ocean Farm 1 semi-submersible fish farm 

subjected to collisions from a supply vessel was investigated. The fish farm structure was found 

to absorb most of the impact energy. Possible penetration of the net is indicated. The residual 

strength of the damaged fish farm to wave loads remains to be assessed. More research work 

on the analysis and design of different fish farm concepts under accidental actions is needed. 

5.7 ALS and Resilience for Low- and Non-ice-class Ships Subject to Ice Impact 

Accidental glacial ice impact (e.g., with an iceberg, growler, or bergy-bit) is a classic ALS 

scenario for low- and non-ice-class ships, as well as offshore structures (e.g., FPSOs operating 

in glacial ice infested waters). New ALS scenarios for these structures are emerging that are 

the result of predicted change in the operational environment in polar ice-covered waters. Many 

recent works have predicted and documented the ongoing decline in polar ice cover. This has 

incited increased focus on potential for polar resource extraction and transportation routes. As 

such, many more ships and potentially offshore structures are forecast to be operating in polar 

waters in the coming years. Due to the remoteness, lack of infrastructure, lack of search and 

rescue, and other challenges particular to the polar regions, new accident scenarios (amongst 

other scenarios) may give rise to the need for low- and non-ice-class ships to operate in mar-

ginal ice conditions. A relatively timely example of a new polar waters accident scenario that 
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may require the assistance of low- and/or non-ice-class ships is the evacuation of a cruise ship 

with thousands of people onboard. High-ice-class ships are relatively few in number and may 

not have the capacity to handle thousands of survivors; or may be too far away to assist in a 

timely manner. Environmental pollution scenarios (e.g., oil spill in marginal ice zones) are 

another potential accident scenario, among others (known and yet to be determined). 

There are two related emerging areas of research: new accident scenarios associated with in-

creased presence of ships and offshore structures in polar waters; and the resilience of low- and 

non-ice-class ships operating in ice. Regarding the latter, intentionally operating a ship in an 

environment that may induce ALS-like structural responses is, by definition, not an “accident 

scenario” (as this was done with intention). It is, rather, a question of ship structural “resili-

ence”. Analysis of structural resilience to ice loads for low- and non-ice-class ships is much 

more complex than the analysis required to design a hull to support ice loads, because the 

former ship types may violate some of the underlying design assumptions for ice-class ships, 

i.e.: their bow waterline normal frame angle is likely insufficient to induce flexure and/or 

roll/pitch in the impacted ice feature; their hull steel may not have sufficient ductility at oper-

ating temperatures in polar waters; their frame spacing may be large, they may not be able to 

effectively manoeuvre at low speed, etc. 

In consideration of the resilience of low- and non-ice-class ships to ice loads, Dolny (2018) 

presents a methodology for assessing the structure of low-ice-classed ships to ice impact loads, 

with the goal of determining a “safe speed” that does not unduly impair the resilience of the 

ship. This work is based on Daley’s (1999) update to Popov et al.’s (1967) impact and collision 

mechanics model which assumes that all motions are the result of an impulse along the normal 

to the hull at the point of collision. That method accounts for hydrodynamic added mass using 

constant assumed values, but does not consider sliding friction, hull curvature or buoyancy 

forces. Dolny’s method (2018) defines an ice interaction scenario, then solves the mechanics 

of the ship-ice collision process which requires ice strength models for both ice crushing and 

flexural failure modes, and finally iterates through structural strength models to define limit 

conditions to predict a safe speed envelope. Dolny’s method (2018) method improves on Da-

ley’s (1999) method by including modifications for steep normal frame angles and an updated 

ice flexural failure limit model that includes ice compression due to horizontal impact force, 

friction and dynamic support of the ice by the water foundation (based on work by Daley and 

Kendrick (2011) and Sazidy (2015)). Bobeldijk et al. (2021) used Dolny’s method (2018) to 

determine the ice impact load on a non-ice-strengthened naval vessel and to apply that load as 

a moving load (2015; 2017) to evaluate three different hull structure designs. Much research is 

left to do regarding the assessment of resilience of low- and non-ice-class vessels. Some out-

standing items are: analytical methods for a shared-energy approach for ice impacts (some 

progress by Price et al. (2021)) – including shared-energy analytical approaches for sliding ice 

impacts (e.g., by extending Liu et al. (2019)); development/calibration of numerical deforma-

ble ice models including appropriate treatment of spalling; further research into hull fracture 

response to moving/sliding ice loads (Quinton, 2015) with a view to accounting for the effect 

of the evolution of plastic states of stress on failure criteria (e.g., as in the benchmark study 

presented in the appendix below); definition of novel accident scenarios; definition of novel 

resilience scenarios; further development and calibration of “safe speed” predictions for low- 

and non-ice-class ships operating in ice. 

5.8 Sea and Atmospheric Icing 

While not a new or emerging area of research for ships and offshore structures, icing is receiv-

ing recent attention for these structures, as well as for offshore wind turbines (for which icing 

is a relatively new research area). Ice accretion is the accumulation of ice on surfaces from 

super-cooled water droplets. Ice accretion conditions depend on wind velocity, air temperature, 

and seawater temperature. In cold offshore environments, ice accretion has two sources, wave 

generated spray (seawater) and atmospheric wind generated spray (freshwater), with the wave 
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spray being the main contributor. Ice accretion adversely affects stability and safety of ships 

and offshore structures. In fact, United States Coast Guard (USCG, 2019) reports that icing 

conditions most likely played an important role in the sinking of the ship Destination in 2017. 

Dehghani-Sanij et al. (Dehghani-Sanij et al., 2017a, 2017b) describe other notable historical 

accidents due to extreme icing, and review past predictive formulas and models, which include 

droplet trajectories, liquid water content, spray movement, spray duration, mass balance, and 

heat flux models. 

Samuelsen et al. (2017), Dehghani-Sanij et al. (2018), Bhatia and Khan (2019), and Mintu et 

al. (2019, 2020a, 2020b) present new models or updates for ice accretion prediction. Samuelsen 

et al. (2017) present a comprehensive dataset for ice accretion that include sea and wind con-

ditions, ship speed, and icing rate, and propose a model based on the collected data. Dehghani-

Sanij et al. (2018) develop a three-dimensional model for droplet trajectories of the spray cloud. 

Bhatia and Khan (2019) propose a probabilistic model based on spray flux and atmospheric 

temperature. Mintu et al. (2019) study the trajectory of sea spray with a multi-phase air-water 

simulation, using a smooth particle hydrodynamics computational fluid dynamics model. 

Mintu et al. (2020a), propose a model for spray flux generation model applicable to vessels of 

any size and Mintu et al. (2020b) study the frequency at which spray is generated. 

Orimolade et al. (2017, 2018), and Mustafa et al. (2019) study ice accretion effects on ships 

and offshore structures. Orimolade et al. (2017) determine that ice accretion during polar low 

atmospheric conditions poses a greater safety risk for smaller vessels. Orimolade et al. (2018) 

studies the effects of icing on a semi-submersible rig and concludes that icing poses more of 

an operational risk than a safety risk to the rig. Mustafa et al. (2019) discuss risks related to ice 

accretion for offshore wind turbines from atmospheric and wave generated spray. On a final 

note, there is gap in recent knowledge related to the effects of ice accretion due to wave gener-

ated spray in offshore wind turbines and new studies on the area would be beneficial. 

5.9 Implosion Loads 

With the increasing presence of subsea systems comes an increased likelihood of hydrostatic 

pressure driven collapse of structures. Collapse in these cases can manifest itself as an implo-

sion, or rapid collapse of the structure. Implosion generates a pressure load that is imparted to 

surrounding structures. The mechanics of implosion events have been studied by numerous 

researchers e.g. Turner & Ambrico (2012), Farhat et al. (2013), and Gish & Wierzbicki (2015). 

More recently, Kishore et al. (2020) have studied the effects of implosion pulses on nearby 

structures using digital image correlation (DIC). 

5.10 Hydrogen 

Although hydrogen adoption is still in its infancy, developments where hydrogen is used as a 

fuel to propel the ship are expected to increase in the near future. The main issues from safety 

perspective are the safe storage and use of hydrogen onboard ships. Because of the low volu-

metric density hydrogen occupies approximately 4 times more space compared to diesel fuels. 

Therefore, the available space in the ship must be utilized more effectively which can be a 

challenge from ALS perspective considering current safe distance requirements for storage 

tanks. Alternative design approaches must increasingly rely on accurate coupled simulation 

approaches (see Section 4.4.2) as besides the worst-case scenario, the probability of different 

other realistic scenarios becomes important in comparative analysis. Upon damage, low flash-

point fuels such as hydrogen and natural gas, impose the risk of explosion in closed spaces (van 

Biert et al., 2016). For informed design decisions, multi-physics simulations must be performed 

including the leakage and explosion of hydrogen in various compartments, e.g. see Mao et al. 

(2021). Van Hoecke et al. (2021), in their review article, discuss the challenges in the use of 

hydrogen for maritime applications. With 238 references considered, this paper covers differ-

ent aspects of hydrogen as an alternative fuel for shipping: including advantages and disad-

vantages of different hydrogen storage techniques as well as related challenges. Mao et al. 
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(2021) performed a simulation of hydrogen leakage and hydrogen diffusion as well as conse-

quences of explosion in various compartments on a hydrogen fuel cell ship. Yuan et al. (2021) 

studied fine water mist application for suppression of hydrogen jet fires on hydrogen fuel cell 

ships. Vertical and horizontal jet fire scenarios were considered. Among other, they concluded 

that ambient wind speed is an important factor affecting the suppression effect of a fine water 

mist on jet fires. 

5.11 Airplane strikes on structures 

Paik and Park (2020) examined crashworthiness of a floating offshore nuclear power plant hull 

structure in the case of aircraft strike. The paper lists the advantages of local electrical power 

production, such as access to remote locations and the possibility of manufacturing in the ship-

yard (and not on a dedicated site) and lists existing and promising designs. Following this a 

nonlinear FEM method is applied for simulation of consequences in the case of aircraft colli-

sion with hull structure – considering the aircraft engine as a projectile most likely to penetrate 

double hull structure of the power plant. The paper considers use of ballasting material in the 

double-hull space as an energy absorbing design solution. Peng et al. (2021) performed a nu-

merical simulation of base-isolated LNG storage tanks subjected to large commercial aircraft 

crash. While the paper address land-based storage tanks it described systematic numerical sim-

ulations for evaluating dynamic responses and damage failure of both structures: LNG tank 

and aircraft. 

6. SUMMARY AND FINAL RECOMMENDATIONS 

As per the mandate of this committee, recent research works, and international design rules 

and standards were reviewed with respect to concern for accidental limit states (ALS) of ships 

and offshore structures and their structural components under accidental conditions. 

The committee considered the traditional accidents of collision, grounding, dropped objects, 

explosion, and fire on traditional structures, as well as identified work done (or lack thereof) 

towards assessing their effects on new(er) concepts (e.g., offshore wind turbines, autonomous 

ships, hydrogen fuel cell propulsion, etc.). 

Where appropriate, recommendations and guidance were provided throughout the report. Sum-

marized here are some of areas requiring further research related to accidents and accidental 

limit states, and hazard and risk identification, that were identified by the committee to be of 

contemporary and near-future importance: Autonomous ships; alternative fuels; new emissions 

regulations; ship-bridge collisions; consideration of intelligent human experience-based risk 

mitigation actions in hazard and risk analyses; the maritime use of batteries; LNG spillage 

(including effects on structural performance); offshore wind turbine ALS design standards as 

well as their use further offshore and in deeper waters; the resilience of low- and non-ice-class 

ships operating in ice; coupled consideration of hydro-plastic slamming; guidance and recom-

mendations for FEA mass-scaling and inclusion of triaxiality based failure criterion for colli-

sion and grounding studies; and correlation between CFD fire analysis and practical engineer-

ing tools. 
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APPENDIX A - BENCHMARK STUDY ON FULL-SCALE STIFFENED PANEL  

IMPACT AND FRACTURE WITH COMPLEX INDUCED STATE OF STRESS 

A1 BENCHMARK SYNOPSIS 

This benchmark study was affected by the COVID-19 pandemic restrictions in that the five 

required novel full-scale stiffened panel impact experiments and the associated mechanical 

properties experiments were substantially delayed. As such, the amount of time that benchmark 

participants had to participate was severely reduced, and only four participants contributed nu-

merical predictions to the benchmark study. Therefore, the committee has decided not to print 

the results of the novel laboratory experiments at this time, so that the “blind” nature of the 

benchmark may be preserved and so the benchmark study may be extended to new participants. 

The complete benchmark study including experiment results and new participant contributions 

will be published later. Reported herein are the benchmark study details and the results of four 

participant contributions. 

The benchmark scenario to be considered is the dynamic nonlinear full-scale structural re-

sponse and fracture of a stiffened hull panel subject to an energy-limited medium-speed impact 

with two types of rigid indenters: smooth, and non-smooth. The smooth indenter nominally 

induces a biaxial state of stress in the impacted structure, throughout the entire impact. The 

non-smooth indenter nominally induces an evolving state of stress in the impacted structure as 

the impact progresses from start to finish. 

The purpose of this benchmark is to determine whether existing FEA tools can accurately 

model fracture for structures undergoing changing/evolving states of stress during an impact. 

To support this benchmark study, five novel full-scale large double-pendulum impact experi-

ments were conducted in Summer 2021 at Memorial University of Newfoundland (MUN). A 

stiffened panel was subject to three successive impacts using a smooth indenter. No fracture of 

any part of the stiffened panel was observed during any of the three impacts. Next, another 

stiffened panel with the same scantlings was subject to two successive impacts using a non-

smooth indenter. The non-smooth indenter punched completely through the panel during the 

second impact. The experiment results of only the first impact with the smooth indenter, as 

well as various material properties data, were provided to the benchmark participants so that 

they might calibrate their numerical models. The benchmark participants were asked to numer-

ically predict the behaviour of each of the five experiments (i.e., the 3 successive smooth in-

denter impacts, and the 2 successive non-smooth indenter impacts). 

As the induced state of stress in actual ship collisions is a priori unknown, it is desired to know 

if a single finite element modeling approach can accurately predict hull fracture for impacts 

involving evolving states of stress. Therefore, if benchmark participants can accurately predict 

the impact force, residual displacement, and hull fracture (or lack thereof) for all five experi-

ments, then this success indicates that the current state of the art for finite element analysis is 

sufficient to model ship hull fracture for evolving states of impact induced structural stress. 

A2 INTRODUCTION 

Ship collision, allision, and grounding scenarios, as well as other accidental impacts (e.g., im-

pact with a pier) have been the subject of many studies. Methods of assessing hull damage have 

evolved from Minorsky’s method, through to simplified finite element analysis (FEA), through 

to fully nonlinear FEA. Recent developments in both computing power as well as available 

simulation technologies have enabled sophisticated nonlinear FEA of ship collisions to be per-

formed in a reasonable amount of time. Several recent studies have compared the results of 

fully numerical FEA simulations of stiffened plate hull structures with similar laboratory ex-

periments. In most of these experiments, the stiffened hull structure was loaded to fracture by 

a smooth spherical indenter using a hydraulic actuator. This approach tends to induce a state of 

stress of primarily quasi-static biaxial tension. Recent simulations of these experiments 
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produce results that are in good agreement with the experiments in terms of fracture initiation, 

fracture propagation, and structural failure mechanisms. There are limitations with this ap-

proach: 1. Fracture strain is known to be dependent on the state of stress at fracture. Specifi-

cally, fracture strain may be different for uniaxial tension, biaxial tension, plane strain tension, 

shear, and for combined states of stress; 2. Fracture strain criteria tend to be calibrated based 

on constant states of stress (e.g., bi-axial tension, or pure shear); 3. In practice, the body im-

pacting a ship will likely not be a smooth spheroid, but instead have some non-optimal shape; 

thereby inducing localized stress states that may not be purely biaxial tension. Additionally, 

even with a smooth spherical indenter, any sliding or tearing motion of the indenter will induce 

a state of stress that is variable with time. 

The objective of this benchmark study is to determine whether existing numerical modeling 

technologies are appropriate for predicting hull damage and fracture due to time-varying states 

of stress; or whether the development of new technologies are required. To accomplish this 

objective, five controlled laboratory impact experiments on two stiffened panel structures were 

conducted using MUN’s large “limited-energy” double-pendulum impact apparatus: three suc-

cessive impacts (no fracture) of a stiffened panel with a smooth spherical indenter; and two 

successive impacts to fracture of a stiffened panel with a non-smooth indenter. 

Benchmark participants were given the results of the first smooth indenter impact to provide 

them a means of numerical model calibration. Benchmark participants were then asked to pre-

dict the impact force, residual displacement, and hull fracture (or lack thereof) for all five ex-

periments. 

A3 LABORATORY EXPERIMENTS 

The limited-energy stiffened panel impact experiments were carried out at MUN, in the Sum-

mer of 2021, using the newly upgraded large double-pendulum apparatus (see Figure 8). The 

recent double-pendulum upgrades consist of a new extremely stiff pendulum carriage (right 

side of pendulum in Figure 8 (left)) capable of providing clamped boundary conditions for 

replaceable stiffened hull panels (see Figure 8 (right)). Further upgrades include the creation 

of interchangeable smooth and non-smooth rigid indenters. 

The smooth indenter (Figure 9 (left)) is mounted to an extension arm that is connected to the 

indenter carriage (left side of pendulum in Figure 8 (left)). Its purpose is to induce a state of 

primarily biaxial tension in the impacted structure. Dimensions for the smooth indenter are 

given below in section 0. The non-smooth indenter (Figure 9 (right)) is interchangeable with 

the smooth indenter. Its purpose is to induce a state of stress in the impacted structure that 

evolves (with dramatic change) as the impact progresses with time. The non-smooth indenter 

consists of a spherical cap transitioning into a tetrahedron-like shape with hard chines. The 

spherical cap portion makes initial contact with the hull plating and nominally induces a state 

of biaxial tension in the impacted structure (similar to the smooth indenter), however, as the 

impact progresses, the hard chines and subsequent change in indenter shape (to the tetrahedron-

like portion) evolved the induced state of stress to be a state of combined tension and shear. 

Dimensions for the non-smooth indenter are given below in section 0. 
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Figure 8: Large double-pendulum apparatus (left) and replaceable stiffened hull panel (right). 

 

    

Figure 9: Smooth (left) and non-smooth (right) indenters shown mounted. 

 

A3.1 Stiffened Panel Boundary Conditions and Dimensions 

The impacted hull grillages used in the experiments are similar to Figure 8 (right). There are 

4-stiffeners spaced equally. Thick steel end plates (visible in Figure 8 (right)) welded to the 

stiffeners are bolted to the panel carriage; thus, providing clamped boundary conditions to the 

stiffeners. Thick plate borders are welded to the stiffened panel plate boundaries, and are bolted 

to the panel carriage; thus, providing clamped boundary conditions to the plating. The bolts 

were tensioned prior to the experiments, and strain in the stiffened panels supporting carriage 

were monitored during the experiments. Results indicate that the panel carriage provided ef-

fective clamped boundary conditions to the stiffened panel. 

If one assumes that the effect of the thick steel plates welded to the end of the stiffeners is 

negligible on the overall structural behaviour, then the stiffener webs and flanges may be con-

sidered to be the same length as the corresponding plate dimension. For this idealization, the 

dimensions of the stiffened panel are Plate: 2.032 x 1.36 x 0.0079 [m] (80 x 53.543 x 5/16 

[in.]); Stiffener Web: 1.36 x 0.170 x 0.0079 [m] (53.543 x 6.688 x 5/16 [in.]); Stiffener Flange: 

1.36 x 0.1016 x 0.0079 [m] (53.543 x 4.0 x 5/16 [in.]); and Stiffener Spacing: 609.45 mm (24 

in.). 

A3.2 Stiffened Panel Friction and Mechanical Properties 

Mechanical properties were provided to participants in the following formats: data from in-

denter-plate friction experiments; steel grade requirements; mill certificate tensile tests; stand-

ard dogbone laboratory tensile tests; and two modified Mohr-Coulomb models generated from 

fracture experiments and FE modeling conducted at TUDelft were provided by TUDelft. All 

experiments were conducted using the same steel that the stiffened panels were constructed 

from. Benchmark participants were free to use whatever material data they preferred. Experi-

ment data will be published with the complete benchmark study, at a later date. 
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A3.2.1 Friction data 

Unlubricated steel-on-steel friction tests between the smooth indenter and a steel plate from the 

same plate steel used to create the stiffened hull panels were performed at MUN in July 2021. 

The average static and dynamic coefficients of friction were found to be 0.2598 and 0.1943, 

respectively. 

A3.2.2 Steel grade requirements 

The stiffened panel steel grade is CSA G40.21 300W (44W), requiring: a minimum yield 

strength of 300 MPa (44 ksi); an ultimate tensile strength of 450 to 585 MPa (65 to 85 ksi); and 

a minimum elongation of 23% in 50.8mm (2”) gauge length and 20% min in 203.2mm (8”) 

gauge length. 

A3.2.3 Mill certificate mechanical properties 

The steel for both stiffened panels was taken from the same production run. The Mill Certificate 

reports data for two tensile tests. For Test 1: yield strength is 324 MPa (47 ksi); ultimate tensile 

strength is 489.5 MPa (71 ksi); and minimum elongation is 26% min in 203.2mm (8”) gauge 

length. For Test 2: yield strength is 351.6 MPa (51 ksi); tensile strength is 517.1 MPa (75 ksi); 

and minimum elongation is 24% min in 203.2mm (8”) gauge length. 

A3.2.4 Standard Dogbone Laboratory Tensile Tests 

ASTM Standard (E8) flat “dogbone” shaped laboratory tensile tests were conducted at MUN. 

Tests were performed with full-thickness samples taken at 0° (i.e., parallel), 45°, and at 90° 

(i.e., perpendicular) to the rolling direction. The average material property values are given in 

Table 1. 

Table 1: Average material property values for tensile test categories. 

Category 

E 
[GPa] 

σy 
[MPa] 

σavg,plateau 
[MPa] 

εplateau,max  
[-]  

εult 
[MPa] 

εult 
[-] 

εf 
[-] 

0DEG Avg. 219.9 332.5 336.0 0.02093 495.9 0.19339 0.37660 

45DEG Avg. 206.9 334.9 336.5 0.02126 495.9 0.19415 0.37027 

90DEG Avg. 215.0 333.2 337.8 0.02103 497.4 0.19121 0.34915 

Overall Avg. 214.0 333.6 336.8 0.02107 496.4 0.19291 0.36534 

 

A3.2.5 TUDelft Modified Mohr-Coulomb models 

TUDelft conducted fracture experiments and performed associated finite element modeling to 

generate two modified Mohr-Coulomb models for the steel used in these stiffened panels. The 

input parameters for these models are given in Table 2. 
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Table 2: Modified Mohr-Coulomb parameters. 

Parameter General Plasticity Model von Mises Plasticity Model 

A [MPa] 944 944 

N [-] 0.29 0.29 

c1 [-] 0.06 0.06 

c2 [MPa] 537 543 

c3 [-] 0.99 - 

 

A3.3 Smooth Indenter Dimensions 

The smooth indenter consists of a spherical cap with radius 25.4 cm (10 in.) and height 5.08 

cm (2 in.) on a cylinder with diameter 30.48 cm (12 in.) and height 2.54 cm (1.0 in.). The 

indenter is made of Hardox® 500 hardened steel (500 HBW) and may be considered to not 

have undergone plastic deformation during the impact. No material test data is available, but 

standard elastic steel parameters may be used. “Solid” CAD geometry of the smooth indenter 

was provided to the participants. 

A3.4 Non-smooth Indenter Dimensions 

The non-smooth indenter is a modified version of the smooth indenter. The top portion retains 

the spherical geometry with radius 25.4 cm (10 in.). The remainder has been shaped to provide 

discontinuous changes of curvature. The geometry is difficult to describe further, however the 

geometry was provided to participants as a “solid” CAD model. The indenter is made of Har-

dox® 500 hardened steel (500 HBW) and may be considered to not have undergone plastic 

deformation during the impact. No material test data is available, but standard elastic steel 

parameters may be used. 

A3.5 Carriage Mass and Impact Speed Parameters 

The total mass of the pendulum’s indenter carriage was 4661 kg. The total mass of the pendu-

lum’s panel carriage (including the panel itself, which also includes the stiffener and plate 

boundary structure steel) was 4685 kg. All experiments began at a starting pendulum angle of 

50° from the vertical axis. The horizontal impact speed at the point of initial impact as a func-

tion of starting pendulum angle is given by the formula: 

      

(1) 

where:  is gravitational acceleration;  is the length of the pendulum arm; and  is the staring 

angle (measured from the vertical axis). 

At 50°: each pendulum carriage has a theoretical impact speed of 3.743 m/s; all actual experi-

ment impact speeds (verified by highspeed digital image correlation) were within +5% of 3.743 

m/s; the indenter pendulum carriage has a maximum kinetic energy of 32.66 kJ; the panel pen-

dulum carriage has a maximum kinetic energy of 32.82 kJ; the total impact energy is the sum 

of the kinetic energies of both carriages, i.e., 65.48 kJ. 

A3.6 Path of Pendulum Carriages prior to Impact 

Referring to Figure 10, the origin (0,0) of the reference x-z axes is shown at the bottom of the 

black circle. This origin is the location of initial impact between the indenter and the stiffened 

panel. 
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The carriage supporting the grillage is depicted by the horizontal blue line on the left-hand side 

of the figure. The 2m long swingarms supporting the carriage are also shown in blue. The initial 

position of the stiffened panel is shown as point xg, zg. If one imagines the entire carriage, 

grillage, and swingarms as a simple pendulum with all masses lumped at point xg, zg, then the 

dashed blue line represents the effective pendulum arm for this simple pendulum. 

The carriage supporting the indenter is depicted by the horizontal red line on the right-hand 

side of the figure. The 2m long swingarms supporting the carriage are also shown in red. The 

initial position of the indenter is shown as point xi, zi. If one imagines the entire carriage, 

indenter, and swingarms as a simple pendulum with all masses lumped at point xi, zi, then the 

dashed red line represents the pendulum arm for this simple pendulum. 

Both carriages are shown at an initial starting position of 50° measured from a vertical axis. 

The blue and red dots on the lower part of the black circle (with radius 2m) depict the path that 

each carriage, respectively, must follow to the impact point. 

As shown in Figure 10, the impact occurs as the result of two pendulums colliding (hence the 

term “double pendulum apparatus”). Each carriage acts as the mass of a simple pendulum. The 

displacement of each carriage (i.e., the motion of each pendulum mass) is prescribed by the 

equation of a circle defined by the length of the pendulum arms (2m). The vertical center of 

gravity for each carriage is coindicant with the lower end of the pendulum arms. 

The point of impact occurs when both pendulum carriages are hanging vertically (i.e., as they 

would at rest). This implies that the initial impact occurs when both pendulum carriages are 

moving with maximum horizontal velocity and zero vertical velocity. This further implies that 

the effective pivot points for both pendulum arms are coincident (as shown in Figure 10). It is 

important to note that when the carriages move past this initial point of impact, they start to 

regain a vertical velocity component. 

 

Figure 10: Pendulum Impact Details. 

 

A3.7 Provided Experimental Results 

Regarding experiments with the smooth indenter, three successive impacts were carried out on 

the same stiffened panel. No fracture was observed in the stiffened panel after each impact (and 

thus after all impacts). 
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Regarding the impact experiments with the non-smooth indenter, two successive impacts were 

carried out on the same stiffened panel. No fracture was observed after the 1st impact, but the 

imprint of the indenter was clearly outlined in the plating of the stiffened panel (see Figure 11 

(left)). Fracture occurred during the second impact (see Figure 11 (right)). 

    

Figure 11: Plating after 1st non-smooth impact (left) and after 2nd non-smooth impact (right) 

 

A3.7.1 FEA calibration data for smooth indenter impact 1 

The following experiment data for the 1st impact for the smooth indenter were provided to 

participants as means to calibrate their numerical model: impact force-time history; impact 

impulse time history; and residual dent depth as a function of distance from the center of the 

panel (i.e., the impact point). This data was given to participants in “.csv” format. 

A3.8 Benchmark Results 

As discussed above, the committee decided to extend this benchmark study to more participants 

and publish an expanded study, which is ongoing. In order to maintain the integrity of this 

“blind” benchmark study, the results of the experiments for the second and third smooth in-

denter impacts; as well as for both non-smooth indenter impacts are not reported here. Instead, 

the employed finite element methodologies, results of the calibration simulations, and numer-

ical predictions for the remaining experiments by the four participants who contributed, to date, 

are to be presented. 

A3.8.1 Numerical model details 

The following refers to Table 3 below. All participants employed a double-precision explicit 

time-integration finite element solver. Three used 4-node reduced-integration shell elements, 

and one used fully integrated shell elements. All used 4-noded shells, however there is a con-

siderable range in average element size: from 7.5 mm to 20 mm (excluding the 50 mm shells 

used by Participant 4 outside of the impact zone). However, for the non-smooth impacts, the 

average element size for three of the participants was similar at 7.5, 8, and 10 mm. Three par-

ticipants utilized five through-thickness integration points, while one used two. 

D
ow

nloaded from
 http://onepetro.org/snam

eissc/proceedings-pdf/ISSC
22V2/1-ISSC

22V2/D
011S001R

002/3099110/snam
e-issc-2022-com

m
ittee-v-1.pdf/1 by N

orw
egian U

niversity of Science & Technology user on 07 D
ecem

ber 2023



86  ISSC 2022 Committee V.1: Accidental Limit States 

 

 

 

 

 

 

Table 3: Solver and element details 

Participant Solver Element Type Average Element Size NIPS 

1 

LS-Dyna Ex-

plicit 

R11.0.0 DP 

BT Shell 4-node 20 mm 5 

2 

LS-Dyna Ex-

plicit R9.3.1 

DP 

BT Shell 4-node 

w/ Stiffness HG 

15 mm (smooth) 

7.5 mm (non-smooth) 
5 

3 

LS-Dyna Ex-

plicit R11.1 

DP 

Type 16 Shell 4-

node 

w/ thinning 

8 mm 2 

4 

Abaqus Ex-

plicit 2021hf6 

DP 

S4R Shell 4-node 

(except transi-

tions) 

10 mm (impact region) 

50 mm (remainder) 
5 

 

DP=double precision; BT=Belytschko-Tsay; HG=hourglass control;  

NIPS=# through-thickness int. pts. 

 

Each participant modeled the ideal grillage (dimensions given above). 

Regarding contact definitions, all participants employed a standard penalty contact formulation 

with sliding friction (using the provided values for static and dynamic friction), with the fol-

lowing exceptions: Participant 4 used a “softened” (scale-method) pressure-overclosure rela-

tionship for normal contact force calculations; and Participant 2 employed a split-pinball seg-

ment-based contact for the non-smooth experiment simulations. 

Regarding pendulum carriage rigid body motion constraints, there was a range of methodolo-

gies employed. As mentioned above, a characteristic of the large double-pendulum apparatus 

is that both pendulum carriages swing in a circular path. While the motion of both carriages is 

exactly horizontal at the point of initial impact, once the pendulum carriages pass this point, 

they begin to regain vertical elevation (however slightly). The question arises as to whether 

participants should account (in some manner) for the vertical motion of the indenter and stiff-

ened panel as both pass the initial point of impact. As the pendulum arms are 2m long, and the 

penetration of the indenter into the stiffened panel is comparably small, one might argue that a 

linear approximation is sufficient. Another question regarding pendulum carriage rigid body 

motion was whether to provide kinetic energy to both the indenter and the stiffened panel, or 

just one of the two and fix the other. The final consideration for rigid body motion of each 

pendulum carriage is that each carriage is supported by pendulum arms near its front and near 

its rear, and therefore the carriages do not rotate about their center of gravity as they swing. 

Participant 1 chose to constrain all rigid body motions of the stiffened panel and impart an 

initial velocity of 3.931 m/s to only the indenter. Further, Participant 1 assumed linear motion 

for the first impact for each of the smooth and non-smooth cases. For each subsequent impact, 

Participant 1 resolved the horizontal and vertical velocity components at the new point of im-

pact based on the residual deformation from the previous impact; however, a circular path for 

the indenter was not enforced. It should be noted that the mass of Participant 1’s indenter was 

not reported but would have had to equal the mass of both pendulum carriages in order to 

achieve the appropriate impact energy. 
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Participants 2 and 4 imparted an initial velocity of 3.743 m/s to both the indenter and the stiff-

ened panel, and they both allowed for circular motion for both the indenter and the stiffened 

panel. They both enforced no rotation about the centers of gravity of the indenter and the stiff-

ened panel. 

Participant 3 allowed for only linear motion and imparted an initial velocity of 3.743 m/s to 

both the indenter and the stiffened panel. 

Regarding boundary conditions for the stiffened panel: all Participants enforced a clamped 

boundary condition at the perimeter of the plate and at the ends of the stiffeners. 

Regarding material modelling, each participant took a unique approach. Participant 1 employed 

a piecewise linear elasto-plastic material model (Mat_24 in LS-Dyna). They used the provided 

Ramberg-Osgood power law strain-hardening curve with an enforced Lüders plateau that was 

based on a 45DEG material tensile test (presented above) conducted at MUN. They employed 

Cowper-Symonds strain-rate hardening with parameters C=3200 and p=5. They employed an 

equivalent plastic failure strain of 0.207, based on Paik (2017), which initiated element erosion. 

Participant 2 used a Hollomon-type power law hardening rule with an enforced Lüders plateau 

based on the material tensile tests conducted at MUN. They performed numerical tensile tests 

and found good agreement. They used a Bressan-Williams-Hill (BWH) instability failure cri-

terion proposed by Alsos (2008) that incited element erosion. A through-thickness integration 

point is failed by setting the stresses to zero once the failure criterion is satisfied. Final element 

erosion occurs once the middle integration point fails. 

Participant 3 used a piecewise linear elasto-plastic material model (Mat_24 in LS-Dyna). Their 

strain hardening data was Swift fit of a traditional true stress-strain conversion of the MUN 45° 

engineering stress-strain data, up to the maximum value, and then extended. An equivalent 

plastic failure strain of 0.36543 was the failure criterion, which induced element erosion. The 

participant did not disclose the method of determining the failure criterion. 

Participant 4 used a J2 plasticity material model based on a Swift fit of the engineering stress-

strain curve, including the Lüders plateau. They used 2FS-ex failure criteria based on Kõrge-

saar (2019) and calibrated based on Walters’ framework (Walters, 2014) using the material 

experiments conducted by TUDelft (discussed above). The failure criteria incited element ero-

sion. 

A4 RESULTS 

As mentioned above, with the exception of “smooth indenter impact 1” (i.e., the data for which 

was sent to the participants), the participants’ numerical predictions are compared with each 

other, but not with the actual experiment results. This was done at this point in time to maintain 

the integrity of the “blind” benchmark, so it may be extended to other participants for future 

publication. 

Table 4 presents a summary of the participants numerical predictions for maximum impact 

force and residual dent depth for each of the five experiments (i.e., three consecutive impacts 

of one stiffened panel with the smooth indenter, and two consecutive impacts of another stiff-

ened panel with the non-smooth indenter). The predictions for “Smooth 1” are also accompa-

nied by the experimental results and associated prediction error. Regarding numerical model 

calibration, Participants 2, 3 and 4 predicted the peak impact force with excellent accuracy 

(<5% error). Residual dent depth (i.e., dent depth after removal of the impact force) was over-

predicted in all cases by at least 10%, however participants were grouped into 96-97mm and 

104-105mm bins. Regarding predictions for the remaining experiments, Participants 2, 3, and 

4 predicted similar maximum impact force for all except the non-smooth indenter 2 impact. 

There was considerable scatter in prediction of residual dent depth for all participants. Partici-

pant 1 consistently predicted higher impact loads than the other participants. This may be partly 

due to the higher impact speed used, as well as the different impact mechanics associated with 
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their choice to fix the stiffened panel’s rigid body motions. It is interesting to note that Partic-

ipants 1 and 3 consistently predict lower residual dent depth than Participants 2 and 4. No 

failure was correctly predicted for the three consecutive smooth indenter impact simulations. 

All participants correctly predicted failure during the second non-smooth indenter impact for 

the second stiffened panel. 

Table 4: Summary of results 

Max Impact Force [kN] 

Participant Smooth 1 Error Smooth 2 Smooth 3 Non-smooth 1 Non-smooth 2 

Experiment 1338 - - - - - 

1 1607 20% 2156 2589 1614 1898 

2 1378 3% 1873 2257 1337 1763 

3 1380 3% 1870 2237 1305 1411 

4 1395 4% 1812 2283 1328 1399 

Residual Dent Depth [mm] 

Participant Smooth 1 Error Smooth 2 Smooth 3 Non-smooth 1 Non-smooth 2 

Experiment 87 - - - - Fail 

1 96.0 10% 128.7 153.8 99.7 Fail 

2 104.0 20% 140.0 169.0 106.0 Fail 

3 96.7 11% 116.1 128.0 95.8 Fail 

4 104.9 21% 148.8 174.9 106.2 Fail 

 

Figure 12 shows the results of the numerical predictions for impact force vs. time for the first 

stiffened panel impact with the smooth indenter. The experimental impact force is also given, 

as these data were provided to the participants to calibrate their numerical models. It is clear 

from the figure that the impact force and duration were captured well by Participants 2, 3 and 

4. Participant 1 overestimated the impact force by approximately 20%, and the impact duration 

by approximately a factor of two. The latter is due to Participant 1’s choice to hold the stiffened 

panel fixed in space instead of giving it an initial velocity. 

 

Figure 12: Experimental results and numerical predictions for "smooth impact 1" 

Figure 13 shows impact force results for the second consecutive smooth indenter impact on the 

same stiffened panel. Participants 2 and 3 had very similar predictions. Participant 4’s 
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prediction is initially much stiffer than the other participants, but their maximum impact force 

is comparable. 

 

Figure 13: Experimental results and numerical predictions for "smooth impact 2" 

 

Figure 14 shows impact force results for the third and final consecutive smooth indenter impact. 

The initial force spike in Participant 4’s prediction is suspected to be due to a contact detection 

issue, and so this part of the curve is ignored regarding the peak force reported in Table 4. 

Again, Participants 2 and 3 provided very similar predictions. 

 

Figure 14: Experimental results and numerical predictions for "smooth impact 3" 

 

Figure 15 shows impact force results for the first impact on a new stiffened panel using the 

non-smooth indenter. The predictions of Participants 2, 3, and 4 agree well. 

 

Figure 15: Experimental results and numerical predictions for "non-smooth impact 1" 

Figure 16 shows impact force results for the second and final consecutive impact using the 

non-smooth indenter. All participants correctly predict complete punch-through fracture of the 
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indenter through the panel’s plating. Participants 1 and 2 predict similar peak impact force; as 

do Participants 3 and 4, however there is a significant gap between both groups’ predictions. 

There is no agreement regarding their prediction of the duration of the impact prior to punch 

through. 

 

Figure 16: Experimental results and numerical predictions for "non-smooth impact 2" 

 

A5 CONCLUSIONS AND FUTURE WORK 

Unfortunately, due to delays in conducting the experiments caused by the COVID-19 pan-

demic, relatively few participants were able to complete this benchmark study in the time avail-

able. As such, the conclusions that can be drawn from the study, as reported here, are few. 

Some initial conclusions are that the constraints (or lack thereof) placed on the indenter and 

stiffened panel are important. Participant 1 constrained all rigid body motion for the stiffened 

panel, and as such, overpredicted the impact duration for all experiments by nearly a factor of 

2. This has implications when strain rate effects are also considered, as the predicted strain-rate 

is approximately half of the actual. Also, from Figure 16 it is evident that the different failure 

criterion employed by the participants result in different impact force-time behaviours when 

predicting punch-through. 

No conclusions will be made at this point about whether current FEA technology can effec-

tively simulate a state of stress that is evolving from primarily biaxial tension to combined 

biaxial tension and shear. These conclusions will be drawn when the results of the extended 

benchmark study (i.e., to more participants) are reported and compared with the experiment 

results at a later date. 
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