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1. INTRODUCTION 
Determining the ultimate strength of ship and offshore structures involves the ability to predict 
and measure component, sub-system, and system structural maximum capacity beyond which 
the capacity diminishes. The purpose of this committee is to present a summary of recent work 
published after the time period covered by the 2018 committee that addresses these goals within 
the guidance of the Committee Mandate.  Effective consideration of these factors requires def-
inition of terms and description of the use of ultimate strength calculations and measurements 
prior to directly addressing the objectives set forth in the Mandate. 

1.1 Definitions 
The ultimate strength of a structure is defined as the maximum load carrying capability beyond 
which the load carrying capacity reduces. This may be viewed as the definition of failure for 
ultimate strength of any structure. This committee mainly focused on compressive buckling 
failure mechanisms vs tensile failure that would lead to fracture, which is addressed in Tech-
nical Committee III.2. 

The majority of marine structures are a type of thin-walled structure, where the maximum load 
carrying capability of one component might be reached prior to the system reaching its ultimate 
limit. Defining the boundaries of the structure whose strength is being assessed is important 
both to support the analysis process, but also to communicate this information for use in deci-
sion-making. For example, a stiffener-plate combination that reaches ultimate strength would 
not necessarily coincide with collapse of an entire grillage or hull girder cross-section. Both of 
these failure modes are used in limit state equations to support decision-making, but represent-
ing very different assessments of structural performance, reliability, or risk.  

1.2 Report Structure 
The report is organized into 7 Chapters and an Appendix, with the primary technical chapters 
being Chapters 2 through 6, covering fundamentals, materials and life-cycle effects, and ship 
and offshore structures, culminating in a unique benchmark in Chapter 6 and the Appendix.  

Chapter 2 covers Fundamentals, introducing aleatory and epistemic uncertainty quantification 
and effects, elements of strength prediction tools with a focus on high fidelity numerical mod-
eling and reduced order modeling, and experimentation.  

Material and life-cycle effects are addressed in Chapter 3, highlighting issues related to degra-
dation such as corrosion and cracking, consideration of distortion, damage or repair effects, 
and residual stresses resulting from the manufacturing process.  

Chapters 4 and 5 focus on the ultimate strength aspects particular to ships and offshore struc-
tures respectively. Each describe relevant load cases, structural elements, structural systems, 
and associated rules and regulations. For the structural elements and systems, research resulting 
in new analytical strength prediction models is introduced along with application of numerical 
modeling and experimental testing. 

Chapter 6 provides the strength benchmark report for which the committee and additional in-
vited participants considered the ‘blind’ prediction of a grillage collapse test using increasing 
levels of information, though not the as-tested strength nor failure progression. As will be de-
scribed on the Benchmark Chapter, the grillage was tested by the Naval Surface Warfare Cen-
ter, Carderock Division, USA, and the results of the test were withheld until the predictions 
were collected from all contributors at the different phases of the work. The benchmark is in-
troduced in Chapter 6, then expanded on in the Appendix, and further described in a paper by 
Ringsberg et al. (2021). 
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2. FUNDAMENTALS 
2.1 Uncertainty quantification 
When determining the ultimate strength of a structure or component, whether by test or analy-
sis, several uncertainties exist. Such uncertainties can be identified in material properties, com-
ponent or structural geometries, loads, initial deformation, initial and current defects, analyses 
methodology, and boundary conditions in tests and in modelling, measurements, and user mod-
elling choices. Some of these uncertainties are aleatory in nature, for example the material 
characteristics, which show a stochastic distribution. Uncertainties for those parameters can be 
diminished by additional testing or included in the analyses by the use of a stochastic approach. 
Others, such as numerical modelling, are epistemic, due to current lack of knowledge or data 
of the physical model or system, resulting in uncertainties less easily handled and quantified. 

2.1.1 Effects of uncertainties 
It is important to know which of the uncertainties have the largest influence on the prediction 
of the ultimate strength of a component or structure. In the 2012 ISSC report on Ultimate 
Strength (Paik, et al., 2012), benchmark analyses were done on unstiffened plates, stiffened 
panels and hull girders using different analytical and numerical techniques. Although the effect 
is not quantified, it is stated that the often-used buckling mode imperfection leads to a lower 
ultimate strength than a hungry horse look. That same observation is also mentioned in the 
work of Cui and Wang (Cui and Wang, 2020). They also stress the uncertainty in corrosion 
damage distributions. Pitting corrosion influences the strength substantially, especially when 
the corrosion is in the vicinity of the opening of a panel. Accurate determination of the initial 
deformations and corrosion is thus important. Yu et al (2018) studied the location and geomet-
ric uncertainties of cracks on the ultimate strength of a stiffened panel under compressive load-
ing. Ultimate strength finite element analyses of 970 cases of through thickness, static, crack 
variations defined by parameters such as length (85-425 mm in 5 equidistant steps), location 
(distance from centre 0-1 in 9 non-equidistant steps) and orientation (0,30, 45, 60 a 90 degrees), 
were performed. Although that was not the purpose of this paper, such a parameter variation 
study could be used to determine which parameters should be determined or known most ac-
curately to decrease the uncertainty in ultimate strength predictions. 

2.1.2 Epistemic uncertainty quantification 
As stated, the aleatory uncertainties could probably be diminished by additional testing or in-
clusion of stochastic distributions for the parameters. Attention for the remainder of this section 
will be on epistemic uncertainties and methodologies to better understand its effects. In princi-
ple these methodologies are application independent. As such, attention is not only paid to 
methodologies developed from a ship or offshore perspective, but also by looking at infor-
mation from other application areas.  The ISSC 2012 committee states that modelling technique 
can have a significant contribution to the uncertainty of the result (Paik, et al., 2012). This is 
confirmed by many other authors.  An example of such epistemic uncertainty is shown in Goa 
and Shi (2018), who compare the results of a non-linear FE analyses with Smith’s method for 
a container vessel. They show that the ultimate strength in hogging show a good consistency. 
However, the ultimate bending strength in sagging is underestimated when using Smith’s 
method. Gao and Shi state that this is contributed to the inelastic buckling of the deck, but the 
ISSC members are not sure if this conclusion is due to a bad design or is correct to some extend 
in general. 

Nahshon et. al. (2018) describe a methodology to quantify the uncertainty for high-fidelity 
simulations with large parameter spaces. When using high-fidelity computations for the large 
number of analyses needed to quantify the uncertainties, the computational costs are normally 

D
ow

nloaded from
 http://onepetro.org/snam

eissc/proceedings-pdf/ISSC
22V1/1-ISSC

22V1/D
011S001R

006/3099106/snam
e-issc-2022-com

m
ittee-iii-1.pdf/1 by guest on 14 D

ecem
ber 2023



ISSC 2022 Committee III.1: Ultimate Strength 401 
 
 

 

very high. The authors use a simplified model, which is still physics-based, to scan the param-
eter space and determine a limited amount of parameter combinations that need to be analysed 
using the high-fidelity model. Although the study is focused on a stiffened plate ultimate 
strength, the methodology can be applied to a broader scope. Oberkampf et al (2002) also have 
developed a general framework to identify errors and uncertainties in solving partial differen-
tial equations (PDE). The authors distinguish between six different phases in the setting up and 
solving of the PDE, conceptual modelling, mathematical modelling, discretization and algo-
rithm selection, computer programming, solving and representation. In each of these phases, 
uncertainties, either aleatory (stochastic) or epistemic (lack of knowledge) can be distin-
guished. From the framework, relations can be visualised and assumptions are made clear. 
Also, the framework shows how uncertainties, of both families, contribute to the analysis re-
sult. By variation of the identified uncertainties, the uncertainty in the final result can be quan-
tified and uncertainties can be ranked. Liang and Mahadevan (2011) provide a methodology 
that enables the ranking of uncertainties in computational modelling. The methodology takes 
into account the combination and interaction of errors and uncertainties. A distinction is made 
between model form errors (is the set of equations or the type of model used correct for this 
analysis) and the solution approximation errors (were the equations solved correctly). The latter 
is divided into input error, discretisation error and (if applicable) surrogate model prediction 
error.  Methods to determine the sensitivity of the solution approximation errors are given, 
which can be used for ranking of the uncertainties. Attention is given to the fact that even the 
error and uncertainty quantification methodology itself has an error, since only a limited num-
ber of FE evaluations are normally done. The information could be used as a generic approach 
to resampling. The model form errors are handled by validation of model predictions against 
experimental data. Of course, the latter validation does not take into account any uncertainties 
coming from the experimental data.  

In Sugiyama (2004) a practical approach is taken into the determination of the uncertainties in 
the dynamic response of an arch bridge due to earthquake loading. Several researchers and 
engineers were asked to perform the structural response analysis. The scatter in the results for 
different result parameters was used to determine the uncertainty in modelling. By also study-
ing the effect of several choices made by the researchers, for example the formulation used for 
damping, on the variations found, the importance of the different choices made in numerical 
analyses could be ranked. Also, Castaldo et al (2018) cover the uncertainties related to numer-
ical modelling (epistemic uncertainties). Although they mainly focus on the determination of 
partial safety factors, which are related to ultimate limit states assessments and as such not 
directly relevant to this chapter, they start the process by determining the uncertainties in the 
modelling. They took a benchmark set of 21 different concrete structural members, which were 
tested by other authors and reported in literature. The tests represented different topology of a 
concrete structure and showed different failure modes. Each test was analysed using 3 different 
FE packages and 3 different assumptions for the material behaviour. By doing such a broad 
assessment of numerical models an idea on the uncertainties of numerical modelling can be 
obtained. However, it should be noted that the authors only looked at the numerically deter-
mined ultimate strength. This is deemed insufficient. Ultimate loading capacity close to the 
experimental results were obtained for some of the benchmark studies but with different failure 
behaviour than seen in the experiments. Therefore, it is recommended by the authors of this 
ISSC report to take into account more than just ultimate strength values for the determination 
of the uncertainties in numerical modelling.  

An example of this can be seen in Wang et al (2019b) regarding the experimental and numerical 
investigation of the ultimate longitudinal strength of an ultra large container vessel. They com-
pare the test results of a scaled ultra large container vessel in a hogging test condition with a 
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numerical analysis of this test, taking into account the (changing) location of the neutral axis, 
the comparison of the ultimate strength and the order and collapse behaviour of the different 
members in the structure. It is seen that the position of the horizontal neutral axis is well cap-
tured by the model as is the initial linear part of the force deformation curve. When plasticity 
and collapse of members occur, the deviation between numerical model and test results in-
creases to about 8% in the final collapse load. The difference is mainly contributed to the ab-
sence of initial deformations and residual stresses in the model and the modelling inaccuracies 
of the boundary conditions. The actual collapse mode is very similar between model and test.  

The methodology described above is deemed to be a good, fairly simple method to quantify 
the level of uncertainty due to modelling. For analysis of large structures, such as full ship 
analyses, it might be a computationally expensive methodology. However, compared to the 
costs of actual ships the costs of good modelling and analysis are low especially when such 
good practice engineering contributes to increased safety. 

2.2 Tools 
Tools for both science and engineering related to the ultimate strength assessment of ships and 
offshore structures have evolved significantly over recent years. An excellent review is pre-
sented by Sumi (2018) on the developments of this work over 100 years. Today the experi-
mental methods at various length-scales as well as the simulations tools based on numerical 
computational methods and analytical equations are better, more comprehensive and more in-
tegrated than ever before. The experimental work is still carried out to a large extent in labor-
atory scale by using similarity rules especially at the hull girder, panel and component levels 
(e.g. Khargani and Guedes Soares, 2018, Kim et al., 2018a, Zhang et al., 2018., Chen et al., 
2019b, Wang and Wang, 2019a, Wang et al., 2019b, 2020), but the extent of instrumentation 
can be much more extensive than before due to development of for example Digital Image 
Correlations. As another example, today with help of digital twins we can keep up with the 
state of the structure (e.g. actual dimensions, distortions, damages) throughout the design, 
building and operational stages and therefore better estimate the ultimate strength with different 
tools and different levels of sophistication depending on time and accuracy available for the 
assessment (Hulkkonen et al., 2017, 2019, Fujikubo, 2019). We can also via digital twins bring 
operational data and experience back to researchers, rule-makers and engineers when better 
tools need to be developed, and also help to identify critical sea states in terms of hull girder 
capacity by using real time weather data, load calculations and strength assessments. However, 
the end result, the digital twin, can contain numerous simplifications in the decision-making 
tools that are becoming extensively invisible to the end-users. Therefore, it is crucial to under-
stand the limitations of the tools used in decision making. State of the Art reviews on both 
industrial and academic possibilities of digital twins are given for example by Fujikubo (2019) 
and Hulkkonen et al., (2017, 2019) which review extensive research efforts done in the Far-
East and Europe on digital twins.  

In ultimate strength assessment the starting point is the load application to the ship hull. The 
load can result from rigid or flexible body simulations (e.g. strip and panel methods, Compu-
tational Fluid Dynamics, Fluid Structure Interaction) and measurements (model- and full-scale) 
where the discretisation is typically different from the discretisation used in strength assess-
ments (e.g. FEA, Smith’s method). This applies to both time and space. Therefore, at this stage 
often simplifications are made at the interface between the load and the strength tools/models. 
Recent experiments from Iijima and Fujikubo (2018) of Very Large Floating Structures 
(VLFS) remove this simplification in model-scale experiments and the corresponding FEA. 
Tools used for the ultimate strength assessments can be split into experimentation, numerical 
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simulations or analytical calculations. The corresponding models contain different simplifica-
tions that can be at the level of geometry, materials and solution technique. This was discussed 
in excellent manner in the 2018 ISSC III.2 report on Fatigue and Fracture (Garbatov et al., 
2018), which benchmarked initially-deformed slender deck plates and the influence of different 
modelling simplifications to the strength assessment. The actual geometry of the produced pan-
els was optically scanned with very high accuracy and this data was transferred directly to the 
corresponding Finite Element model (based on Shell elements). Then different levels of sim-
plifications were carried for the actual shape. The simplifications included setting equivalency 
to the maximum initial deflection, but varying the actual shape from that measured to those 
represented by trigonometric functions of different forms. These trigonometric functions are 
often used as mathematical descriptions of the shape in the ultimate strength assessment due to 
their capability to produce closed-form solutions. With the actual shape measured with very 
high accuracy, both the non-linear global panel level and local weld level responses were cap-
tured with very high accuracy. When simplifications were made in the shape, the accuracy in 
the global response decreased more slowly than the local response. This is also demonstrated 
later in this report in the benchmark Ringsberg et al., (2021). This is an important factor in 
panels where geometrical and material non-linearities get coupled and for example interact 
with temperature effects and strain rates. In such cases, the recent experiments by Paik et al. 
(2020a) and Körgesaar et al., (2016, 2017, 2018a,b) show that in the ultimate strength assess-
ment highly localised stresses can act as failure initiation points for overall collapse. As the 
failure progresses in the structure, the coupling between non-linear geometry, material and load 
redistribution can be highly complex and occur very rapidly. In these experiments it was ob-
served that even though the experiment was planned quasi-static and response expected to be 
also quasi-static, at the failure point catastrophic failure occurred. The rapid interactions ob-
served are currently at the limits or beyond our experimental and computational capabilities 
due to the spatial and temporal discretization requirements.  

In Finite Element context the full solid element models can be considered as the most accurate 
ones, but often we cannot use them due to computational and time restrictions except to cali-
brate the shell element models for example to ductile fracture simulations (see e.g. Nam et al., 
2018). This is due to the fact that the level of simplifications is the lowest in solid element 
models when it comes to the structural geometries or modelling assumptions, followed by con-
tinuum shell elements (several nodes over the thickness), single-layer shell elements (single 
node over the thickness) and beams. Still as the investigation from Romanoff et al., (2019) 
shows, some phenomena related to localized deformations in heat affected zones of welded 
structure are very difficult to assess even with solid element mesh due to strain localization (de 
Borst et al., 1991,1993). On the other hand, due to the lack of simplifications, the size of the 
computational models is also the highest. In ultimate strength assessments of slender structures, 
shell elements, with a single node over the thickness, are still superior in performance when 
the combination of computational cost and accuracy is considered. Therefore, we reduce mod-
els to shell element models, and often even further to shell models with beam elements used 
for the stiffeners (see for details chapter 2.2.1). These dimension reductions reduce the compu-
tational costs, but also the accuracy. The reason is the fact that with these dimension reductions 
we make assumptions. These assumptions define explicitly the strain field within each element 
(e.g. First order Shear Deformation Theory) that can be overly restrictive in ultimate strength 
assessments. The stresses are computed based on constitutive relations that can be linear or 
non-linear, isotropic or anisotropic. These constitutive descriptions often become increasingly 
inaccurate as we approach to the point of ductile fracture in the material, however their impact 
to energy associated with the deformation can be marginal. Also, the assumptions have influ-
ences on the geometrical descriptions and for example we cannot model properly the shapes of 
welds. Therefore, the welds themselves are often neglected but their impact to residual stresses 
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and initial imperfections are induced to models. Many of these limitations are acceptable in 
today’s structural designs, but as we look to the future, we must be well aware of the influence 
of these idealisations to the ultimate strength. This is why the experimental work is valuable as 
it allows us to truly test our finite element models.  

An additional simplification is to use the so-called Equivalent Single Layer (ESL) theories for 
beams, plates, and shells that have both analytical solutions and finite elements in commercial 
FE software packages. In these theories, the entire structural behaviour is described by the 
displacement degrees of freedom of the reference layer of the structure; the layer is a line in a 
beam or a plane in a plate/shell. This reference layer is the mathematical connection between 
the geometrical structural model of the ship and the mathematical ESL element. The displace-
ments and the section forces and moments are computed in this plane and estimated elsewhere 
based on the ESL mathematical assumptions. Examples of these models include the Smith’s 
method at the hull girder level where significant research has been done in ship structures com-
munity over the last decades and still today extensions are made based on comparison to full 
3D-FEA. For instance, as showed by Tatsumi et al. (2019) in large container ships, the global 
curvature can interact with the local panel level curvature and have significant effect on the 
predicted ultimate strength. This means that the analytical models need to be reformulated to 
include this type of observed new effects occurring due to new ship concepts. In secondary and 
tertiary levels one can find both fully-analytical tools (e.g. Ozdemir et al., 2018, Yu et al. 
2018c), semi-analytical (e.g. Manco et al., 2018, Yang et al., 2019) and Finite Element versions 
(e.g. Reinaldo Goncalves et al., 2016, Romanoff et al., 2019) which require similar corrections 
when new designs are introduced and for example the validity of closed-form design rules are 
tested (e.g. Narure et al, 2019). These have been developed based on classical continuum me-
chanics assumptions where fundamentally the two-consecutive length-scales are infinitely far 
apart. In ship structures, this assumption is often questionable. Therefore, we should look at 
the recent research in solid mechanics community which has focused on the so-called non-
classical continuum mechanics where this assumption has been relaxed (Srinivasa and Reddy, 
2017). Also, the corresponding beam, plate and shell elements have been developed. The needs 
and possible applications of these theories to ship structures was discussed by Romanoff et al. 
(2019).  

In next subsections, we review the developments on reduced order models, 3D-Finite Element 
modelling and experimental work in details in comparison to the overview of the tools given 
here.  

2.2.1 Reduced order and analytical models 
Many mathematical models of physical phenomena can pose challenges when used in numer-
ical simulations, due to the complexity problem and physical size. For ultimate strength anal-
ysis, reduced order models are commonly used to reduce the complexity of the problem and to 
obtain computationally efficient tools that can be used in design. Reduced order models are 
useful in cases where it is unfeasible to perform numerical simulations for the complete full 
order model. This can be due to limitations in available information and/or computational re-
sources due to large model size, long real-time simulations, or many cases to be analysed (e.g. 
parameter studies, optimisation, several load cases, etc.).  

Figure 1 illustrates examples for physical complex problems that are simplified with reduced 
order models. This is typically done by reducing the complexity of mathematical models in 
numerical simulations. Dependent on the problem, there are several ways to reduce mathemat-
ical models of physical phenomena: 

• Reduced physical size of the problem (with appropriate boundary conditions) 
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• Reduced degrees of freedom (e.g. using sub-elements, assumed displacements,  
projection-based reduction, etc.) 

• Reduced complex description of a physical problem based on assumptions and simpli-
fications using physical insight (e.g. from analytical or empirical solutions) 

• Machine learning, big data, etc. 
In many cases, combinations of various methods mentioned above are used for a physical prob-
lem to obtain a computational efficient model, ref. Figure 1.  

 
Figure 1: Illustration and examples of reduced order models for physical problems 

There are several methods to reduce the number of degrees of freedom, either by using a math-
ematical approach with projection-based reduction or by using physical insight. Projection-
based reduction relies on the projection of either the model equations or the solution onto a 
basis of reduced dimensionality compared to the original solution space. In comparison, phys-
ical insight can be used to reduce the degrees of freedom for instance by assuming displace-
ments. For example, for a buckling problem of a plate or a beam, it is very usual to utilize a 
buckling pattern that is typically an up-and-down pattern, and then it is usual to assume har-
monic functions for the displacements. This assumption is for instance used in PULS (DNVGL 
2018), USFOS and most of the closed form methods. It has been also used in equivalent, ho-
mogenized, shell elements with material and/or geometrical non-linearity accounted in non-
linear equivalent stiffness properties that evolve as local buckling or plasticity progresses (e.g. 
Reinaldo Goncalves et al., 2016; Korgesaar et al., 2016; Putranto et al., 2021). 

The requirements of a reduced order model to be applicable for a physical problem, can be: 

• A small approximation error compared to the full order model (in the context of energy, 
displacements, strains, stresses, stress resultants) 

• Conservation of the properties and characteristics of the full order model 

• Computationally efficient  

• User-friendly and robust modelling techniques 
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In many cases, reduced order models are calibrated against known solutions or against more 
advanced numerical simulations such as finite element analysis, CFD, etc. Typically, the aca-
demic communities are aiming for the most accurate solutions, while in the engineering com-
munities and in design, it is more common to be on the conservative side with a ‘good enough’ 
solution (engineering accuracy). This paradigm is a fruitful source for further method develop-
ment of the models to balance between accuracy and computational resources.  

In design of ship and offshore structures, it is necessary to have computationally efficient tools 
to validate the structural integrity, and reduced order models are commonly used for ultimate 
limit strength analysis both for structural analysis (action effects) and the load application (ac-
tions). Some examples for reduced order models are: 

• Local buckling models of structural elements: Closed form methods for CSR (2019), 
PULS (DNVGL 2018), ISUM (e.g. Ueda et al. 1994), etc and numerical methods such 
as 2-scale equivalent shell element formulations (e.g. e.g. Reinaldo Goncalves et al., 
2016; Korgesaar et al., 2016; Putranto et al., 2021) and ISFEM (e.g. Paik and Hughes, 
2010). 

• Global capacity models with reduced degrees of freedom using sub-elements: Multi-
step method (Smith 1977), USFOS (Søreide et al. 1988), etc. 

• Hydrodynamic models: DNVGL Shipload, Cabos et al. (2006), etc. 
There is a long tradition for reduced order models within practical design of ship and offshore 
structure, and there exist many different models with different level of complexity even within 
the same discipline. For instance, for ship structures there exist many different approaches or 
closed form methods to check the local strength of stiffened panels. However, in the last dec-
ade, there has been a continuous work in international association of classification societies 
(IACS) to harmonize the rules for local buckling models. In a first phase, a Closed Form 
Method (CFM) for local buckling check was developed for Common Structural Rules (CSR) 
for Bulk Carrier and Oil Tankers. As a continuation, it has been decided that a harmonized 
buckling methodology should be further developed and implemented into CSR and all relevant 
Unified Requirements Strength of Ships (URS) resolutions IACS (2019, 2015a-d, 2017). In 
this development, some improvements will be done related to the stiffeners buckling computa-
tion.   

• global elastic stiffener buckling 

• torsional stiffeners buckling  

• U-type stiffeners fitted on hatch covers.  
More details on this is given in Section 4.4. 

2.2.2 Numerical Prediction 
Analysis of hull girder longitudinal collapse via Finite Element models is perhaps the most 
commonly approved approach for accurate prediction of the ultimate strength. The ultimate 
strength is reached when the hull girder cannot withstand the external (bending) loads. Hence, 
the longitudinal collapse can be defined as the collapse of a sufficient number of longitudinally 
relevant principal members (i.e. stiffener-plate combinations, plates, hard corners) to cause a 
large decrease in hull module’s bending stiffness. For the longitudinal collapse the predominant 
load is hull girder bending (sagging and/or hogging) and the principal response is hull girder 
flexure, which can be expressed in terms of hull girder local curvature as also exploited in 
reduced order models such as Smith’s method. Thus, often a numerical assessment of ultimate 
strength by FEA aims to establish a bending moment-curvature relationship, while it can also 
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deal with more relaxed description of the failure in flexure (i.e. curvature does not have to 
remain constant in the cross section under bending). 

A numerical model should be established in a way that the accuracy of the outcome is in line 
with the aim of the analysis. A distinction has to be made, whether the ultimate strength is 
assessed (i) in an early design phase, when detailed three-dimensional finite element modelling 
is not available or practical, or (ii) in a final design level or during service life, when the topol-
ogy is fully established including possibly the as-produced initial deformations and residual 
stresses. Furthermore, in the case of an optimization process, where large number of designs is 
considered, semi-analytical or reduced order methods offer advantages over the full 3D-finite 
element analysis. This section focuses on non-linear finite element method (NLFEM), while 
the reduced order methods were discussed earlier.  

NLFEM offers a tool for numerical assessments of the final ship design as the influence of 
structural details can be accounted for. Numerical predictions should support multiple failure 
modes and their interactions, while giving precise predictions of collapse and post-collapse 
behavior of the structural members and assemblies involved, particularly those under compres-
sion. Thereby, the performance of numerical assessments is affected by the idealization of ge-
ometry, material and loads. Furthermore, solution techniques can also influence the outcome if 
not executed properly. The main influencers are summarized in Figure 2.  

 
Figure 2: Different aspects in numerical modelling and solution 

While early numerical assessments of ultimate strength used relatively short models, only one 
frame spacing or 1-bay, increasing computational power has made it possible to analyze several 
tank lengths (Tatsumi and Fujikubo, 2020), or even the whole ship model (Xu et al, 2019). A 
larger model has clear advantages. While in very short models the pure bending moment is 
imposed through model boundaries, in larger models the actual pressure distribution (Tatsumi 
and Fujikubo, 2020) and several different load combinations can be applied (Matsumoto et al, 
2016). A full model also allows to consider the effect of transverse bulkheads on the actual 
bending curvature. Tatsumi & Fujikubo (2020) studied the effect of boundary conditions for 
½+1+½ cargo hold model, i.e. the boundary conditions were applied at half the cargo hold 
length from the studied section. Two types of boundary conditions were studied: end planes of 
the model were assumed either rigid or simply supported with implied kinematic constraints. 
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It was found that the effect of analyzed boundary conditions on the ultimate strength of the 
critical section was not significant. Xu and Guedes Soares (2020) investigated numerically the 
effect of experimental boundary conditions on the collapse strength of stiffened panels, where 
four configurations of the boundary conditions were considered. Based on the performed anal-
ysis it was suggested that both translation and rotation degrees of freedom of the loaded edges 
should be constrained to facilitate the collapse of the central span before the others. 

Especially in the compression zone, the structural elements should be modelled in a level al-
lowing for a proper buckling/collapse shape to be developed. Thus, it is suggested to model the 
structural elements using shell elements. At least 5 elements are suggested across the web 
height and 2 across the width of the flange. Smaller elements such as stiffeners can be modelled 
as a combination of shells and offset beams, especially when modelling the region outside the 
buckling zone. Element formulations must allow for material and geometric nonlinearity and 
large displacements and rotations. If post-buckling behaviour is of interest, large strain formu-
lation is required. Effect of initial imperfections on the ultimate strength is discussed among 
others in (Wang et al, 2018a) and Vu Van et al (2018). 
For the ultimate strength assessment, the model can be loaded by applying pure bending mo-
ment vie the end plates or by loading the model with local pressure that results more accurate 
local loads, shear force and bending moment distribution. Matsumoto et al (2016) and Tatsumi 
& Fujikubo (2020) studied the influence of local loads on the bending of the double bottom of 
a container ship. It was shown that the ultimate hogging strength of container ships is signifi-
cantly reduced by upward local loads acting on outer bottom plates. 

Ultimate strength assessment can be performed either using an implicit or explicit approach. 
Implicit analysis is better suited for smaller models as the calculation to make an inverse of the 
stiffness matrix takes a long time in the implicit FEM (Yao and Fujikubo, 2016). However, as 
the calculation capacity increases, the implicit approach becomes feasible also for larger mod-
els. Explicit analyses have successfully been used to analyze the models of the whole ship hull 
(Tabri et al, 2020) 

In terms of local panel level modelling, Shi et al. (2019c) performed a series of finite element 
analysis of cracked stiffened plates subjected to axial compression; the model is verified based 
on experimental results. The influence of varying orientation, length, and crack location on the 
residual compressive strength is studied. It was concluded that the effective cross section of the 
cracked stiffened plate plays a key role in the assessment of the residual ultimate strength. Also, 
the initial weld induced plate distortions have a significant effect on the residual ultimate 
strength including the measured data by tests and the buckling-type one. Li et al. (2019a) stud-
ied numerically the effect of welding residual stress and steel grade on the ultimate strength of 
stiffened plates under uniaxial compressive load. Nineteen stiffened plates built with three 
types of stiffeners with various column slenderness ratios provided in the ISSC2000 VI.2 (Yao, 
et al., 2000) benchmark calculations avoid time-varying analysis are employed in the present 
study. Various types of stiffeners as well as column slenderness and different shipbuilding steel 
grades are considered. The commercial finite element code ABAQUS is applied to simulate 
the collapse behavior of the stiffened plates and verified against the benchmark calculations. A 
simplified model for the distribution of welding induced stress is adopted, and this model bears 
a difference from the actual residual stress distribution. Using the non-linear FEM commercial 
software ANSYS and the approach stipulated by the Common Structural Rules, Woloszyk et 
al. (2018) assessed numerically the ultimate strength of severe corroded stiffened plates, taking 
into account the effect of different governing factors such as corrosion degradation level, ma-
terial properties, initial imperfections and boundary conditions. The numerical results were 
compared with the published experimental results and the calculations made based on the CSR 
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approach and empirical formula, showing that the FE analysis are quite accurate for predicting 
the ultimate strength of corroded plates, conditionally to the changes of the mechanical prop-
erties as a result of corrosion degradation. 

2.3 Experimentation 
The role of the experimentation in tools is on one hand to validate the computations and on the 
other hand to explore the phenomenon associated with the ultimate strength of the structures. 
The experimentation is important so that the structural idealizations and their impact on the 
actual performance of the structure are identified. This also motivated the benchmark investi-
gation presented later in the report. We approach the problem here at the levels of small scale 
tests on plates and stiffened panels, larger scale tests on panels and grillages and finally on 
scaled models on the hull girders. 

The main purpose such experiments is to test models which are designed to reflect the possible 
failure modes under different loading conditions to calculate the ultimate strength capacity of 
such structural components in intact or damaged condition. Also, to analyze both local and 
global response of the structure and to study carefully the trend of each specimen in all regimes; 
pre-buckling, post-buckling and post-collapse.  

The experiments may be performed using universal testing machines or loading frames, which 
may be load or displacement controlled. The setup of each experiment may differ according to 
the simulated boundary and loading condition. Several instruments may be used to track the 
structural response as displacement gauges and strain gauges which may be mechanical (multi 
use) or single use ones.  

2.3.1 Small-scale tests (plates and stiffened plates) 
The welded stiffened plate is widely used in naval architecture and offshore engineering as 
basic structural members. Therefore both local and global behavior has to be studied carefully 
and this can be done easily using experimental; full or scaled models and such scale models 
may be scaled using dimensional theory. One type of such plates is the wash plate, which may 
be subjected to different types of loads as well as damage scenarios. The effect of different 
opening sizes as well as opening location on the ultimate strength of such plates may be inves-
tigated through conducting a series of experimental compressive tests. 

A series of experimental tests for intact/corroded plates, stiffened plates and stiffened panels 
with and without openings which may be used as wash plates, have been performed by Saad-
Eldeen et al. (2018), Saad-Eldeen et al. (2019) and Saad-Eldeen et al. (2020). The analysis 
presented here are continuation of a long-term study dealing with steel structures with openings 
and subjected to different degradation and deterioration scenarios. The testing machine used in 
the experiment is a universal machine as shown in Fig. 1, of 250 kN hydraulic jack and the 
tests are carried out using load control with a rate of 0.5 kN/s. The specimen has been mounted 
between two stiff supporting clips, using bolt connections. The used supports impose condi-
tions of constrained lateral displacement and rotation within the depth of the support of 20 mm. 
A displacement gauge was mounted to the tested specimens to record the lateral displacement, 
and the local strain was measured by a mechanical strain gauge, see Figure 3. 
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Figure 3: Experimental test setup, plate with one opening (left),  
stiffened plate with multiple openings (right) 

Saad-Eldeen et al. (2018) investigated experimentally the influence of different opening sizes 
and shapes, different steel materials and structural configurations on the ultimate strength of 
steel plates. Based on the experimental results, it was concluded that the asymmetric allocation 
of an opening may affect the global and local responses and reduces the strain energy of the 
stiffened panels. For high tensile steel unstiffened plates with different circular opening sizes, 
as the opening size increases, the strain energy density decreases regardless of the steel grade 
of the material and the opening shape. By decreasing the residual breadth ratio, both global 
shortening strain and local strain decrease nonlinearly. Also, the results show that in spite the 
ratio between the yield stress of high tensile steel and mild steel materials is 2.9, the ratio of 
the ultimate load carrying capacity as well as the ultimate stress at any residual breadth ratio is 
different and may be fitted with a power function. 

Saad-Eldeen et al. (2019) carried out a series of experimental buckling collapse tests on steel 
plates with multiple openings of different degrees of openings, with the same test set up shown 
in Figure 3. The effect of real corrosion wastage as well as initial imperfections is also investi-
gated. A nonlinear relationship between the axial compressive force and the remaining volume 
is developed, which may be expressed by an exponential function. It was noticed that in a 
buckling analysis, the remaining volume is a better representative parameter for compressive 
strength capacity of plates with multiple openings than the remaining cross-sectional area. 
Also, the number of openings is an additional parameter that affects both response and capacity 
of plates with multiple openings, where the higher number of openings shows better compres-
sive capacity than the lower number with the same degree of openings. Therefore, from a de-
sign point of view for a plate with multiple openings, the higher number of openings is a better 
design option than the lower number, because the higher number creates a small length between 
every two consecutive openings, which directly increase the stiffness due to its short length.  

Saad-Eldeen et al. (2020) performed a series of compressive tests on high tensile steel stiffened 
plates with multiple openings. The openings were created with different degree of openings 
and numbers to investigate its effect on the ultimate load carrying capacity.  A failure assess-
ment diagram of for high tensile steel stiffened plates, SP-HTS and mild steel plates, with mul-
tiple openings was developed based on the lower confidence level of the 95% confidence in-
terval, which is in a benefit to the design stages of stiffened plates with openings. Based on the 
experimental results, several failure modes are observed during the buckling tests as stiffener 
tension-induced failure, plate-induced failure and the overall failure of the stiffened plate. It 
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may be stated that if the final deformed shape follows the initial imperfection shape, the result-
ant ultimate capacity is lower than the one with an opposite final deformed shape. 

Xu and Guedes Soares (2021) performed seven stiffened panels with different configurations 
and subjected to in-plane longitudinal compression. The initial imperfections were recorded 
before the test and also, strain gauges were mounted on both plate and stiffener to measure the 
strain during the test. It was stated that lack of constraint at the unloaded free edges has less 
effect on the buckling of stiffened panels with large geometrical dimensions. Also, the effect 
of boundary condition on the collapse mode as well as the ultimate strength have been ad-
dressed. 

In the ship and offshore engineering context, sandwich panels are often used in advanced ma-
rine vessels and offshore energy exploration structures such as offshore wind turbine blades.  

Kai et al. (2020) investigated the ultimate tensile strength of sandwich composite L-joints for 
ship structures. The L-joint consists of two base sandwich panels, two longitudinal stiffeners , 
and one transverse stiffener. Skin material of the L-joint is 3 mm thick GFRP, which is made 
up of orthogonal plain-woven cloth and epoxy resin. The core material is Polyvinyl Chloride 
(PVC). Experiments of the L-joints are conducted on the test machine shown in Figure 4. Dur-
ing the experiments, the two ends of the L-joint are clapped by premade steel fixtures. The 
lower end is latched to the test bench, and the upper end is latched to the actuator. The applied 
load is controlled through the displacement of the actuator, which is set at the speed of 2 
mm/min upwards. 

 
Figure 4: A sandwich composite L-Joint for ship structures under tension load.  

[Kai et al. 2020] 

2.3.2 Large-scale tests (panels and grillages) 
Large-scale ultimate strength experiments are rather limited in the literature. Paik et al. (2020a) 
used a specially designed test rig as shown in Figure 5 to apply axial compressive loads to 
collapse a steel stiffened plate structure. The loads were provided by two hydraulic actuators 
which were fixed on a reaction wall. Each loading actuator can carry up to 1,000 tons in com-
pression for a maximum of 2,000 tons in total. The ‘rigid-body’ jig helped achieve the appli-
cation of a uniformly distributed compressive loading and uniform displacement over the 
loaded edge, which assigned fixed boundary conditions except for the moving direction of the 
actuators. The other end of the test structure was fixed by a reaction wall. A personal computer 
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controlled the synchronizing of the two actuators so that the uniform loads were applied over 
the loaded edge, see Figure 6. 

 
Figure 5: Layout of a specially designed test rig to collapse a steel stiffened plate structure 

with the two hydraulic loading actuators and the reaction wall. Paik et al. (2020a)  

 
Figure 6: A specially designed test rig to collapse a steel stiffened plate structure under cyclic 

axial-compressive loading, Paik et al. (2020a)  

D
ow

nloaded from
 http://onepetro.org/snam

eissc/proceedings-pdf/ISSC
22V1/1-ISSC

22V1/D
011S001R

006/3099106/snam
e-issc-2022-com

m
ittee-iii-1.pdf/1 by guest on 14 D

ecem
ber 2023



ISSC 2022 Committee III.1: Ultimate Strength 413 
 
 

 

Cui and Wang (2020) carried out collapse testes on stiffened plates with central opening and 
artificial pitting corrosion (through thickness), subjected to uniaxial compressive load, accord-
ing to the experimental set up shown in Figure 7. It was stated that for the same volume of 
corrosion pits, the post-collapse as well as the ultimate strength may differ, especially within 
the extent of opening. Also, the out of plane deformation of the supporting members plays the 
most important role in the strength capacity assessment.  
 

 
Figure 7: Experimental layout [Cui and Wang (2020)] 

To experimentally examine buckling strength of sandwich shells used in large-scale offshore 
wind turbine blade structures, a recently developed subcomponent test setup has been proposed 
by Chen et al. (2019b) as shown in Figure 8. Attention has been made to avoid undesired prem-
ature failure at the specimen’s boundaries. Both ends of the specimen are reinforced internally 
by gluing in a layer of plywood. The specimen is then glued to the steel plates of the test rig. 
Further, plywood is applied externally to clamp the specimen to the test rig. Epoxy adhesive is 
also used to fill the gaps between the specimen and the plywood clamp. The epoxy adhesive 
was cured using heating pads. Over lamination using wet hand lay-up is applied to reinforce 
local materials near the clamped boundaries. These boundary treatment ensured the structural 
failure in the desired test region. 

 
Figure 8: A recent developed experimental setup to apply compressive loads to a sandwich shell used in 
large-scale offshore wind turbine blade structures. (a) A test rig applies compressive loads to the specimen 
using a hydraulic actuator with a loading capacity of 500 kN. (b) the sandwich shell structure is mounted 
in the test rig through steel plates that are hinged at the bottom of the test rig. Speckle patterns are painted 
on the specimen surface for digital image correlation (DIC) measurement. Chen et al. (2019b) 
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Figure 9: Longitudinal strain distributions measured by DIC show buckling and failure 

process of the sandwich shell structures during compressive static loading. Note that the 
structural failure occurs in the desired region away from the boundaries, Chen et al. (2019b). 

2.3.3 Hull Girder level tests 
Ultimate strength tests on traditional hull girders such as tankers and bulk-carriers have been 
extensively studied over several decades (see for example: Dowling, 1973; Gordo and Guedes 
Soares, 2004 and 2015; Shi and Wang, 2012) in order to validate the reduced order models and 
the finite element-based simulations. In passenger ship there are large and long superstructures 
typically extending over the entire length of the hull girder. These advanced hull girders also 
have side shell recess and many window openings making the cross-sectional behavior of the 
hull girder extremely complex, especially if the ultimate strength is concerned; see also the 
benchmark on ultimate strength simulations of passenger ship from ISSC 2006 (Yao, et al., 
2006). However, experimental contributions to this topic have been lacking until recently. The 
recent experimental paper from Shi and Gao (2021) investigated the collapse behavior of scaled 
steel ship model with superstructures (See Figure 10). Based on the numerical and experimental 
findings the superstructure effectiveness was analyzed. The authors also investigated the com-
bined action of bending moment and shear force and proposed a formula to account their com-
bined action at the hull girder level. Similar investigations have been carried out in different 
ship types over the period of this committee. These will be reviewed in details in the Section 
4.3. 
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Figure 10: Comparison between failure modes derived experimentally and numerically to 

passenger ship with long superstructure for scaled models, Shi and Gao (2021). 

2.4 Concluding remarks 
2.4.1 Conclusions 
The determination of the ultimate strength of ship and offshore structure is still highly affected 
by uncertanties.   

• The aleatory uncertainties can be diminished by additional testing or inclusion of 
stochastic distributions for the parameters.  

• On the other hand, epistemic uncertainties often require a large number of time 
consuming analyses to be quantified, hence literature work has focused on providing 
methodologies that enables the ranking of uncertainties in computational modelling 
based on the sensitivity of the solution.  

In the context of FE analysis, solid elements are considered the most accurate, but often clash 
with computational efforts. Hence, shell models still represent a widely accepted compromise, 
but we must be well aware of the influence of these idealizations on the ultimate strength. This 
is why the experimental work is valuable as it allows us to truly test our numerical models. 
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Keeping an eye on the advantages of computational tools, it is worth noting that, as the calcu-
lation capacity increases, the models ranging over the three-hold hull model have been suc-
cessfully modelled using implicit approach. 

Experiment work is still carried out in laboratory scale by using similarity rules especially at 
the hull girder, panel and component levels. Technologies like Digital Image Correlations are 
providing important advantages in the acquisition of data. Moreover, with the help of digital 
twins in the future, we will be able to keep up with the state of the structure (e.g. actual dimen-
sions, distortions, damages) throughout the design, building and operational stages. 

As the failure progresses in the structure, the coupling between non-linear geometry, material 
and load redistribution can be highly complex and occur very rapidly. In this context, even 
quasi-static tests may lead to sudden catastrophic failure. The rapid interactions are currently 
at the limits or beyond current experimental and computational capabilities. 

In the case of an optimization process, where a large number of designs is considered, semi-
analytical or reduced order methods offer advantages over the finite element analysis. For ul-
timate strength analysis, reduced order models are commonly used to reduce the complexity of 
the problem in the design stage and accommodate limited information. Reduced order models 
are still useful in cases where it is unfeasible to perform numerical simulations for the complete 
full order model. This can be due to limitations in computational resources for instance due to 
large model size, long real-time simulations, or many cases to be analyzed. 

There is a long tradition of the use of reduced order models within design of ship and offshore 
structure, and there exist many different models, with different level of complexity even within 
the same discipline. However, in the last decade, there has been a continuous work in Interna-
tional Association of Classification Societies (IACS) to harmonize the rules for local buckling 
models. As a continuation, it has been decided that a harmonized buckling methodology should 
be further developed and implemented into CSR and all relevant Unified Requirements 
Strength of Ships (URS) resolutions (IACS 2019, 2015a d, 2017). 

2.4.2 Recommendations for future work 
The following recommendations are given for future work: 

• When quantifying epistemic uncertanties in numerical modelling via 
experimental/numerical comparison, it is recommended to take into account more than 
just the ultimate strength value, but to consider in the validation also the failure modes 
and the overall collapse behavior. 

• Numerical predictions should support multiple failure modes and their interactions, 
while giving precise predictions of collapse and post-collapse behaviour of the 
structural members and assemblies involved. Especially in the compression zone, the 
structural elements should be modelled to allow proper buckling/collapse shape to be 
developed. 

• Shell elements currently represent a good modelling compromise, but as we look to the 
future, advances in computational power may lead to the development and use of larger 
scale models using solid elements. 

• Significant literature works showed that simplifications in the shape (e.g. due to 
imperfections and corrosion) leads to significant loss of accuracy at local scale, rather 
than global. In such cases, the recent experiments showed that in the ultimate strength 
assessment highly localised stresses can act as failure initiation points for overall 
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collapse. For this reason, efforts should be devoted to expand our knowledge about the 
effect of real corrosion wastage and imperfections, also on the experimental side.  

3. INFLUENCE FACTORS OF MATERIALS AND LIFE-CYCLE 
MANAGEMENT 

The fast growing offshore wind farms in Europe now have wind turbines approaching their 
design lifetime of 20 to 25 years. Assessing the remaining strength of these structures and 
extending their service lifetime are among the most imminent challenges (Aabo et al., 2018). 
Indeed, smart structural health monitoring and digital twins have become popular topics ena-
bling safer operations and longer service lives of suchlike structures. This chapter reviews the 
most recent literature from the perspective of materials and life-cycle management affects on 
ultimate strength prediction, with focus on metallic and non-metallic material performance and 
degradation, new materials, and new operational environments. 

Two areas of interest were found in the recent research. The first is the work done on the tem-
perature effect. This is particularly of interest in view of cryogenic fuel tanks. Erofeev et al 
(2019) studied the hydrogen impact on the initiation and propagation of welded cold cracks in 
low-alloy steels. They show with experiments that the welding of low-alloy steels at low tem-
peratures reduces the critical brittleness temperature by 40-50 °C and hence the amount of 
energy needed for crack growth. Harshini et al (2019) describe tests done on stainless steel 
316L using liquid CO2 for cooling (at 0, -25, and -50 °C) and a furnace at temperatures of 750, 
825 and 900 °C. Different strain rates were also considered. It was found that a temperature 
increase leads to a decrease in strength and increase in failure strain both by approximately a 
factor of 2. The strain rate effect at low temperatures is far less than that in ambient environ-
ments. More strain hardening is seen instead of a plastic plateau.  Xu et al. (2018b) considered 
extreme temperature change between -60 ℃ to 80 ℃ and investigated the ultimate strength of 
stiffened panels under longitudinal compression experiencing such temperature shift. The ma-
terial properties were obtained by tensile tests under various temperatures and were used in 
nonlinear FEA. 

The second focal point is on new materials. Hosseini et al (2019) studied high strength low 
alloy (HSLA) steels.   The aim was to increase the amount of Cu, Ni and to some extent C in 
order to increase the yield strength while maintaining toughness. It was seen that if a proper 
selection was made for the temperatures of rolling, austenisation and aging, a HSLA 100 with 
increased Cu and Ni can possess higher mechanical properties with only a small toughness 
reduction. Gao et al (2019) developed a new ultra-high strength steel with balanced strength 
and toughness. The authors created an experimental steel by nanoscale beta-NiAL and M2C 
precipitates. The strength and toughness of the experimental steel are comparable to the known 
ultra-high strength steels (strength up to 2000 MPa), with a 50% reduction in costs. Ultra-strong 
nickel aluminum bronze alloys were created according to Ma et al (2019a) by continuous heavy 
hot-rolling at different temperatures. The process led to a grain refinement and dislocation 
strengthening. Using a combination of rolling temperatures resulted in a higher ultimate 
strength material (around 800 MPa) while maintaining a fair ductility (14.5%). 

Instead of the traditional production techniques, Additive Manufacturing (AM) has become 
increasingly popular, allowing more organic designs with less lead time. Bajaj et al (2020) 
looked at the microstructure of AM stainless steels and their mechanical properties. In general, 
the microstructure of the AM steels is finer by an order of magnitude than that from conven-
tional processes. The strength and corrosion resistance are normally in line with or even ex-
ceeding the conventional stainless steels, however, the ductility and fatigue resistance can be 
lagging behind. Surface treatment can improve these properties. Although not targeted for mar-
itime and offshore, Buchanan and Gardner (2019) provide a good overview of AM metals. 
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3.1 Corrosion 
Corrosion is one of the major degradation forms found on ships and offshore structures. Alt-
hough extensive research has been carried out by corrosion scientists and engineers to under-
stand the fundamental mechanisms, it is difficult to accurately predict and quantify corrosion 
damage throughout assets' service lives. This is primarily due to the multi-variant nature of 
corrosion, often shown as ‘random’ in terms of the damage shape, size, location, corrosion rate 
and severity. The way these random characteristics are simulated in experimental and/or nu-
merical models may have significant effect on the structural analysis.   

Traditional ultimate strength assessments are based on idealized corrosion features such as uni-
form thickness reduction and cylindrical pits (Saad-Eldeen et al., 2019; Feng et al., 2020a). In 
some studies, the corrosion-effect was simplified by testing corroded specimens (Saad-Eldeen 
et al., 2019, Ringsberg et al., 2018 and Woloszyk et al., 2018) and using reduced tensile prop-
erties. Although this approach greatly reduces the complexity of modelling corrosion, it needs 
to be noted that such tensile properties should only be considered as ‘equivalents’ to incorpo-
rate the effects of surface roughness and micro-cracks. The actual steel’s mechanical behavior 
may not be affected by corrosion, especially in marine environments.  

Woloszyk et al. (2018) used FEA stipulated by the Common Structural Rules to study the ulti-
mate strength of stiffened plates subject to general corrosion modeled as uniform thickness 
reductions. Different factors governing the structural behavior, such as corrosion degradation 
level, material properties, initial imperfections and boundary conditions were considered. The 
numerically estimated ultimate strength was demonstrated to be very close to those observed 
during the experimental test. This led to an approach of using an equivalent thickness for a 
relatively fast and practical ultimate strength assessment for this type of structures.   

Yeter et al. (2019) conducted FEA studies of jacket offshore wind turbine support structures 
assuming a uniform thickness reduction to simulate general corrosion. Adopting a model con-
taining two loading steps, namely elastic dead-load step and elastic-plastic environment load 
step, the ultimate strength of three types of jacket support structures was investigated, with 
thickness reduction located on the leg components in the supported module just above the mean 
still water level. The ultimate strength was found to decrease proportionally with the reduced 
thickness, leading to up to 50% strength loss for a 50% thickness loss from the tubular structure 
immediately below the platform (original thickness = 24 mm). It was concluded that the integ-
rity of the first supporting module just below the platform was the most critical in determining 
the remaining ultimate strength of the entire structure.  

Regarding localised corrosion, steel tubular members with idealised pitting were studied by 
Ahn et al. (2018) and Wang & Shenoi (2019d) using both experimental and numerical methods. 
Both studies used cylindrical “pits” that were machined on the tubular samples, varying size, 
intensity and distribution pattern. Samples were subject to uniaxial compressive loads on both 
end of the tube. FEA parametric studies were conducted after validation against experiments.  

Ahn et al. (2018) reported that the ultimate strength of the tube decreased proportionally with 
the equivalent cross-sectional area ratio and damage volume ratio. Wang and Shenoi (2019d) 
found that random pitting distributions resulted in larger strength reduction compared to regular 
pits with a local buckling failure mode. With a focus on offshore applications, Wang et al 
(2019c) studied the effect of pitting defects on the buckling strength of a thick-wall cylinder 
under axial compression. Uniform and random pitting effects were tested and analysed using 
FEA. When pits were located close to the end of the pipe, the buckling load decreased more 
significantly compared to pipes with pits close to mid-span. The collapse mode of pitted pipes 
was found different from uniformly corroded ones.  
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Empirical formulas were proposed by Li et al. (2018a), Piscopo & Scamardella (2018) and Shi 
et al. (2018) to predict the ultimate strength reduction of stiffened panels subject to localized 
attack, accounting for the degree of pitting, pitting locations, geometrical imperfections and 
welding residual stresses. Specifically, Shi et al. (2018) used reduced plate slenderness and 
column slenderness ratios to estimate the corrosion effect. All of these formulae were devel-
oped based on FEA with idealized pitting features.  Cui et al. (2019a) focused the bi-axial 
ultimate strength of a typical bottom stiffened panel in container ship under both uniform and 
non-uniform localized pitting corrosion and performed a series of nonlinear FE analyses. Sto-
chastic modelling was applied to express the growth of corrosion and probabilistic character-
istics of the ultimate strength reduction. 

New methods incorporating electrochemistry and advanced data analytics also emerged in re-
cent years. Abdussamie et al. (2018) studied corroded plates using an adaptive neuro-fuzzy 
inference system method, a tool combining both neutral network and fuzzy logic. This was to 
predict the ultimate strength of plates with pitting corrosion subject to uniaxial in-plane com-
press loads. The authors used the database from Ok et al. (2007) and investigated the efficiency 
of different membership functions. The maximum error was 2.8% compared to Ok et al.’s FEA 
results. However, the application scope of this method is unclear.  

Wang et al. (2018b; 2019e) and Ilman et al. (2020; 2022) developed a new methodology to link 
the corrosion experimental data and ultimate strength analysis for stiffened plates and panels 
using FEA. This was based on the measurement of carbon steel corrosion in seawater and sub-
ject to active tensile loading, simulating the mechano-electrochemically induced corrosion (in-
terplay between mechanical stresses and corrosion). This enabled the model to capture the dy-
namic change in corrosion characteristics with time and location. Bench-shaped features were 
obtained, which closely resembled corrosion patterns observed in reality. Additionally, a fail-
ure mode change was observed compared to models with uniform thickness reduction. 

Ma et al. (2019b) analysed extreme cyclic loading and pitting for the high strength steel NV-
D36 commonly used in offshore platforms. Different degrees of pitting damage were generated 
by laboratory electrochemical accelerated corrosion. Seven typical cyclic loading programs 
were designed based on the real extreme cyclic loads that offshore platform may be subjected 
to. The cyclic loads were applied to the specimens to obtain the hysteretic properties of healthy 
and pitting specimen. Under cyclic loading, the pitting damage caused local volume loss and 
local stress concentration, which resulted in degradation of stiffness and strength of steel. Gen-
eralised yield strength and generalised Young's modulus of the steel specimens were gradually 
degraded with the deepening of pitting damage. The cyclic hardening coefficient linearly de-
generated with the pitting volume loss rate, and the degree of degradation was almost irrelevant 
to the cyclic loading program. The cyclic hardening exponent was almost unaffected by pitting 
damage. 

3.2 Non-metallic materials  
For composite materials, research into mechanical behaviour after ageing is seen to be a current 
area of interest. Ding et al (2019) studied the effect of ageing of sandwich composites using a 
vinyl-ester glass composite with a closed cell PVC core. Specimens were exposed to different 
temperature cycles and salt concentrations in water (submerged) or salt-fog spraying.  Tension, 
compression and shear strength were tested. The submerged specimens showed a higher water 
absorption than the specimens subjected to vapour. For the hygrothermal exposed specimen, 
the solar radiation exposed specimen showed far less weight increase than the specimen sub-
jected to high and low temperatures. Mechanical properties were not changing excessively due 
to the exposure. All failure patterns were the same as for the non-aged specimen, mainly in the 
core. As such it is concluded that the PVC core is not much affected by the exposures. Fiore et 
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al (2019) studied the effect of sodium bicarbonate treatment on the aging resistance of natural 
fibres (epoxy based flax or jute fibre reinforced composites) in a marine environment. Sodium 
bicarbonate treatment is an eco-friendly chemical treatment. Natural fibres are becoming more 
interesting because they are cheap, easy to process and renewable. However, on the downside 
they show large differences in mechanical properties (influence by harvest, climate, location, 
weather etc). The properties are lower than synthetic fibres and show high moisture absorption 
and weak compatibility for several matrices. Fibre pre-treatment can improve the mechanical 
behaviour and the durability. In the paper the authors studied the effect of soaking flax and jute 
fabrics in sodium bicarbonate solution for 5 days at room temperatures. Tensile, flexural and 
impact test with salt-fog spray aging (ASTM B117) were performed. In general, it can be stated 
that for flax fibres the aging resistance improves, whereas for jute fibres the pre-treatment has 
a light decreasing effect on the durability. However, jute does show a large increase in impact 
energy after aging due to the increase in deflection at failure. Jesthi and Nayak (2019) investi-
gated the mechanical properties and morphology of seawater aged (hybrid) carbon and glass 
epoxy composite. The effect of stacking sequence of the carbon and glass layers was studied 
with respect to seawater exposure on the tensile, flexural and impact strength based on ASTM 
D570-98 aging. The water absorption of the hybrid samples is less than for the full glass or 
carbon versions. This is thought to be caused by uneven swelling or thermal expansion of the 
fibres. Tensile and flexural strength reduction is the same as for mono-fibre specimen. For the 
impact damaged case, the strength reduction of the hybrid materials can be even less than for 
plain glass and all hybrids perform better than the carbon specimens. 

Dinesh et al (2020) studied the use of naturel and synthetic hybrid composites for marine ap-
plication. They manufactured samples using either Kevlar fibres with coir fibres in an epoxy 
matrix. The Kevlar fibre is an eggshell powder reinforced epoxy matrix or a kevlar coir fibre 
combination in an eggshell powder reinforced epoxy matrix. Tests including tensile, impact 
and water absorption tests were performed.  Both water absorption behaviour and impact char-
acteristics were the best for the second sample. The tensile strength was the highest for the third 
sample with both coir fibre and eggshell. The authors recommended these materials for mari-
time applications. A similar study was undertaken by Bhoopathi and Ramesh (2020) who 
looked at the influence of eggshell powder on hemp fibre epoxy laminates. They also found 
that water absorption and impact strength improved by the use of eggshell powder. However, 
tensile and shear strength decreased with increasing eggshell powder volume.  

Elanchezhian et al (2018) provide a review on the use of metal matrix composites for marine 
applications. The composite consists of a grade 5 titanium with Kevlar and carbon fibres. A 
summary of several experimental studies on mechanical properties is given.   

3.3 Fabrication  
3.3.1 Welding  
For metallic structure, the fabrication methods can greatly affect the material properties and 
hence the actual strength capacities. For example, the material properties of offshore pipelines 
may be greatly affected by the welding type, namely, seamless (only welded in hoop direction) 
or longitudinal/spiral welded seams (produced by U-ing, O-ing and expanding). The latter was 
shown to induce anisotropic mechanical properties, with up to 30% reduction in compression 
yield stress (Cai et al., 2017). This will result in large variations in the pipe’s ultimate strength.  

Research into the effect of welding-induced imperfections on the ultimate strength of ships has 
been carried out for decades.  Recent development includes more sophisticated modelling for 
both small- and large-scale structures.  Both the buckling mode geometric deflection and sim-
plified residual stresses were modelled in Xia et al.’s FEA work (2018) to investigate their 
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effect on the ultimate strength of steel plates. As expected, the transverse residual stresses had 
less effect on the longitudinal ultimate strength compared to the longitudinal residual stresses. 
Moreover, the combined effect of the two imperfections cannot be taken as simple linear su-
perposition. The initial deflection magnitude plays a dominant role in ultimate strength reduc-
tion.  The authors also studied the combined effect of cracks, which will be discussed in Section 
3.4.1.  

The influence of three levels of welding-induced initial geometric imperfections on the dy-
namic ultimate strength of stiffened panels were investigated by Yang et al. (2018) using FEA.  
Both uniaxial compression and lateral pressure were considered in the models. This was also 
compared with static ultimate strength analysis. It was found that the larger initial imperfection 
resulted in smaller dynamic ultimate strength; and suggested that accurate imperfection shape 
was important. However, there was no in-depth explanations in the ultimate strength difference 
induced by the two imperfection shapes.  On a similar structure (a stiffened plate), Chen and 
Guedes Soares (2018a) studied the residual stress effect generated from a thermo-elasto-plastic 
FEA. A simplified model was reported to be capable of effectively representing the residual 
stress distribution in steel-plated structures in a wide range of engineering applications. In ad-
dition, the widths of the tension zones had a quasi-linear behaviour against the plate slenderness 
ratio. Chen et al. (2019a) investigated the sensitivity of imperfections on the buckling and post 
buckling of stiffened panels made of aluminum alloys, based on which a design optimization 
was performed. In addition to traditional stiffened panel configurations, the authors proposed 
new panels containing different types of sub-stiffeners, as shown in Figure 11. The first eigen-
value buckling mode was used as the initial imperfection. The FEA results indicated that the 
sub-stiffeners improved the stability and ultimate strength of the panel by up to 36% without 
increasing the overall weight of the structure.  

 

 
Figure 11: Investigated sub-stiffener panels: (a) traditional panel; (b) prismatic sub-stiffened 

panel; (c) grid sub-stiffened panel; (d) curvilinear variable stiffened panel  
(Chen et al., 2019a) 
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The effect of initial geometric imperfections on the ultimate strength of ultra large container 
ship (ULCS) structures were investigated by Wang et al. (2018a). Featuring large deck open-
ings and low torsional rigidity, the assessment of container ships under load combinations com-
prising of vertical bending moment, horizontal bending moment and torsion is vital in the struc-
tural design stage.  The study was based on a series of nonlinear FEA of a transverse mid-ship 
section of an ULCS using dynamic explicit solver. The initial imperfections were assumed to 
be following the “thin horse” mode for panels and flexural buckling/tripping mode for stiffen-
ers. The deflection magnitude ranged from 0 to 30 mm, based on which a new closed form 
formula was proposed, describing the ultimate strength interaction relationship under com-
bined three load components. It was also concluded that the assumed initial imperfection had 
more significant influence on the horizontal bending moment compared to the other two load-
ing scenarios. However, it is not clear how the modelling was validated.  

3.3.2 Non-welded connections  
When composite materials, or a combination of composites and metals, are used in ship struc-
tures, connections between different parts are made by bonding, bolting or a combination of 
both. Bonded connections are beneficial when connecting metallic and non-metallic (fibre re-
inforced composite) parts. The adhesive creates a smoother stress field than a bolted connec-
tion. In the latter, stress concentrations occur in the region of the bolt. However, since the 
failure of adhesively bonded joints can be very brittle and the behaviour after aging is relatively 
unknown, the use of adhesively bonded joints, especially for primary structures, is still very 
limited. Nevertheless, in recent years many projects and research have been done into adhe-
sively bonded joints. The Qualify project (https://www.qualify-euproject.nl/) specifically looks 
at the bonded connection between a steel hull and a composite superstructure. In Saleh et al 
(2020) the water absorption and material properties after aging of a methyl acrylate based 
(MMA) adhesive are determined. Also the combined effect of water uptake and temperature is 
studied. Bulk adhesive specimens were placed for 14 weeks in a salt-spray (5% salinity) cham-
ber at a 50% humidity at 35°C. The tensile strength at failure (as well as the modulus) decreased 
by about 20%. Next to the bulk material the effect of aging on mode I (salt-spraying) and mode 
II (immersed) fracture behaviour of the steel adhesive interface was also studied. No significant 
effect on the mode I values was found, however, for the mode II behaviour the effect is signif-
icant with a decrease in mode II fracture energy of nearly 60% after 5 days of exposure. The 
unaged samples showed cohesive failure, whereas the aged specimen showed adhesive failure.  

It is known that the bond line thickness has an effect on the strength and failure characteristic 
of the joint. A lot of research has been done in the past on this effect of thickness. However, 
most of that research was done for automotive or aerospace applications, in which the bond 
lines are maximum 1 mm thick. For applications in maritime and offshore structures, much 
thicker bond lines are normally taken due to the geometrical variations in the joining parts. In 
the report of Saleh et. al. (2020) it was also shown that the thickness of the bond line has a clear 
effect on the shear strength of the joint. With a decrease in strength at increasing bond line 
thickness. Bond lines up to 13 mm are studied and a decrease in shear strength of about 20% 
were seen when increasing the bond line from 3 to 13 mm. A very large decrease of the failure 
strain was also found of more than a factor 2. A similar effect was seen in the work of Mestre 
Rodriquez (2018) and Mestre Rodriquez et. al. (2019). The authors studied double lap steel 
composite joints with either an epoxy (bond line 1,3,5,8, and 10 mm) or a urethane acrylate 
(bond line 1, 3, and 5 mm) adhesive. Both adhesives showed a clear decrease in shear strength 
of about 50% as well as a significant decrease in failure strain. 
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Since only limited experience is available on bonded connections, the Ramsses project 
(www.ramsses-project.eu) is of interest (Hagenbeek 2020). Within this EU project a demon-
strator is designed and built to test to failure bonded connections between a composite hull and 
a composite deck. Kharghani and Soares (2018) looked into the strength of hybrid steel com-
posite balcony overhangs for cruise ships. They tested and analysed a joint in which the com-
posite panel is actually attached between two steel plates only by using the resin material (so 
no additional adhesive), Even though several drops in load occur already at an early stage due 
to probably internal debonding initiation, the ultimate strength of the joint is significant. Nu-
merical modelling of the joint was however challenging, since the debonding was not predicted 
in the numerical analyses. Gaiotti et. al. (2018) did tests and analyses on a combined 
bolted/bonded connection between a steel deck and a composite side shell plating. Again fail-
ure takes place in stages, starting by localized failure probably due to defects or delaminations. 
Also they conclude that accurate analyses of the failure is challenging, if not impossible due to 
these local effects.  

3.4 Effect of mechanical damage  
Ship structures are often designed to serve for 20 to 25 years, whereas offshore structures are 
expected to operate for much longer period in some of the most harsh environments. This leads 
to inevitable mechanical damage to the structure, including dents, cracks and marine fouling.   

3.4.1 Stable cracks  
Research on the effect of stable cracks on the ultimate strength of ship structures is mainly 
focused on transverse and longitudinal directions. The studied parameters mainly include crack 
dimension, location, plate thickness and plate aspect ratio. FEA is the most adopted method for 
such analysis. Limited work is available on the ultimate strength of cracked offshore pipes 
subject to external pressure or bending moments (Cai et al., 2017). It needs to be noted that the 
crack initiation and propagation are outside the scope of the review in this section, as it is 
reported that buckling usually occurs prior to crack propagation for thin plates (Hu et al., 2018; 
Shi et al., 2019).  

For small-scale structures, semi-circle cracks were modelled on a plate by Xia et al. (2018) 
using FEA, varying the length and location however without crack growth. The effect of initial 
imperfections (both geometric and residual stresses) and slenderness ratio were also included. 
Based on numerical results, it was revealed that cracks would change the effect of residual 
stress on the ultimate strength of the plate, depending on the crack's location and length. This 
led to cases where a higher ultimate strength was obtained compared to models without cracks. 
This was believed to be due to the breaking effect of the crack on the residual stress redistribu-
tion, which is highly dependent on the crack location, i.e., in compressive or tensile zone.  The 
authors remarked the results may not be generalised. However, the methodology could be used 
to investigate other type of materials and/or structures. Feng et al. (2020b) combined idealized 
pitting with through-thickness crack damage on a plate in their FEA modelling. It was found 
that the influences of longitudinal crack and corrosion on the ultimate strength can be linearly 
superimposed. Welding-induce residual stresses were not considered in this study.  

The ultimate strength of stiffened plates/panels with cracks under longitudinal compressive 
loading was studied by Yu et al. (2018) and Shi et al. (2019) using FEA. Experimental data 
were also provided by Shi et al. (2019) as validation. The ultimate strength was found to de-
crease with increase in crack size in center-cracked and edge-cracked models, which was man-
ifested by the initial geometric imperfections. The effective cross section of the cracked stiff-
ened plate plays a key role in the assessment of the residual ultimate strength. Based on the 
numerical results, an empirical formula as a function of crack length, orientation angle and 
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location, was proposed to predict the ultimate strength of cracked stiffened panels under lon-
gitudinal compressive loading (Yu et al., 2018).  

In terms of large-scale structures, Hu et al. (2018) investigated the residual ultimate strength of 
large opening box girders with crack damage under individually or combined torsion and bend-
ing loads. A range of FEA were carried out varying the crack length, location, and orientation 
angle. Only the buckling mode geometric imperfections were included in the model.  It was 
found that the transverse crack (length and location) had more detrimental effect on the ultimate 
torsional and bending strength compared to longitudinal cracks. Based on the individually load-
ing cases, two of the most dangerous crack damage situations were adopted, leading to an in-
teraction formula proposed for predicting the ultimate strength of large opening box girders 
with cracks under combined loads. The validity of this formula was verified by crack damage 
cases of varying crack length. However, it is not clear whether it is applicable to other types of 
hull/box girders. 

Babazadeh and Khedmati (2018) presented a detailed review on the effects of different crack 
parameters such as crack length, crack location, crack orientation and gap size, plate thickness, 
aspect ratio, boundary conditions on the ultimate strength of ship hull elements introducing 
some existing research work on the cracked structural elements. Moreover, they suggested a 
new plastic collapse mechanism, i.e., buckling localization near a crack. A semi-analytical for-
mulation was later derived to estimate post ultimate strength behavior of cracked plates (Baba-
zadeh and Khedmati, 2019). 

3.4.2 Other types of damage  
Tekgoz et al. (2018) analyzed the effect of structural damage and associated neutral axis trans-
lation and rotation on the ultimate strength of a container ship hull subject to asymmetrical 
bending loading. The assessment was performed by FEA and formulations based on the Com-
mon Structural Rules. Sideshell damage had a significant effect on the ultimate sagging bend-
ing moment of the container ship section, with up to 20% strength reduction. The neutral axis 
rotation of the damage hull had more pronounced effect on the hogging than the sagging bend-
ing moment, when the damage was located on the side plating and stiffeners.  

The aim of the study in Parunov et al. (2018) was to assess the ultimate strength of the double 
hull oil tanker damaged in collision. Collision damage was simplified as a ‘rectangular box’, 
assuming to start from the main deck downwards. Nonlinear FEA with explicit dynamic inte-
gration method implemented in LS-Dyna was adopted. This approach enabled for the first time 
a systematic investigation of the ultimate strength under combined horizontal and vertical 
bending moments. Ultimate strength interaction diagrams were developed allowing for rapid 
assessment of the damaged oil tanker.  Collision damage was also studied by Ringsberg et al. 
(2018) using explicit FEA. Corrosion was also considered in terms of uniform reduction of 
thickness (CSR corrosion margin for oil tankers and 20% gross scantling for RoPax vessels), 
increased friction coefficient on corroded surfaces (from 0.3 to 0.5) and change of material 
properties (Young’s modulus, static yield strength, ultimate tensile strength and hardening co-
efficient).  Specifically, the material property change was based on the work by Garbatov et al. 
(2016).  The ultimate strength of the struck ship was calculated using the Smith’s method. It 
was found that the ultimate strength was largely dependent on the corrosion margin, material 
models, damage opening, damage location and shapes.  

Regarding offshore structures, damage including gouges and notches on the ultimate strength 
of offshore pipelines were reviewed by Cai et al. (2017). The damage could be induced by 
contacting with sharp objects such as anchor and fishing board. It was reported that different 
shapes of the damage did not affect the ultimate strength greatly (Cai et al., 2017).   Dents, a 
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form of plastic deformation, may trigger local buckling with the effect of plain dents (a dent 
with smooth curvature variation) being the main focus in the literature. The strength capacity 
of offshore pipelines under external pressure is critically dependent on the maximum ovalisa-
tion of the dent (Cai et al., 2017).  

In addition, Zhang et al. (2019a) studied the collapse behavior of stiffened panels exposed to 
fire and calculated the residual ultimate strength applying thermal-elastic-plastic FE analyses 
with the temperature-depended material parameters for the stiffened panel under two different 
heating modes, namely stiffener heating and panel heating. It was found that the difference of 
the heating mode caused the difference of the collapse mode. 

3.5 Maintenance and repair 
Upon periodical ship survey a remedial action may be required for inspected damage. This 
repair strategy may involve coating, welding, crop and renew sections. For thickness wastage 
on metallic structures, there is a growing interest in researching composite patch repair, i.e., 
bonding a composite stack (often CFRP) on top of the damaged area. Quinn et al. (2019) stud-
ied how structural approval procedure works for marine structures made from polymer com-
posites that would generally need to be SOLAS compliant. They also highlighted a case study 
on the corrosion repair of FPSO using the ColdShieldTM technology developed by Coldpad. 
Accelerated thermal and mechanical ageing tests suggest a 10-year design life for such repair 
and could be extended with appropriate inspection.  The work was built on existing ‘classical’ 
bonded composite solutions from the European FP7 Co-Patch project to qualify and certify a 
new solution based on small-scale and full-scale testing and modelling.  The advantage of such 
method includes the possibility of on-site repair (no dry-docking) and no hot work needed.  

An alternative to composite patch repair is the use of composite stiffeners, the so-called 
Strengthening-by-Stiffening method. In Anyfantis (2019), a series of design assessment of 
shear panels repaired using this method were conducted numerically. The assessment was 
based on the elastic buckling under pure shear to determine the optimised configuration of 
composite stiffeners. The stiffeners act as means for strengthening the plating against buckling. 
It was concluded that the length and bending stiffness of the stiffeners had significant effect on 
the buckling strength, whereas the effect of orientation angle was minimum. An extension of 
this work to nonlinear buckling strength would be of interest for a more realistic structural 
condition.  

Among various repair and/or retrofit methods for corroded offshore steel structures, underwater 
wet welding has been recognized as a cost-efficient technique. According to Chen et al., 2010, 
fillet weld joints made by underwater wet welding had higher ultimate strength than their coun-
terparts made in air. The strength increase ranged from 7% to 41% depending on different base 
steels and the load directions to the weld line.   The load-carrying capacity of corrosion-dam-
aged offshore pipe piles repaired by underwater welded patch plates was investigated by (Chen 
et al., 2011). A weld model was proposed to simulate the strength and ductility of underwater 
wet fillet weld joints in a structural scale. Both global buckling strength and local weldment 
failure were predicted in this model. This study also proposed a repair method using underwater 
wet fillet weld joints by specifying when and how to consider the stiffness of weld joints in 
repairing corrosion-damaged offshore pipe piles under compression.           

3.6 Life-cycle management 
3.6.1 Hull-form structures  
Life cycle management of hull form structural performances is often based on reliability anal-
ysis and probabilistic modelling of the material degradation (mainly corrosion). It enables the 
consideration of long-term service scenario into the design/optimization stage. It could also 
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lead to optimized repair strategy and potential service life extension.  Work in this area ranges 
from structural components to hull girders.   

Choung et al. (2019) quantified the structural availability of stiffener buckling strength. Struc-
tural availability is defined as the probability that a structural element under loads is fully func-
tional at any specific time for a specific time interval. It has the potential to deal with the fea-
tures of operation and the maintenance of structures, as well as structural integrity, in a quan-
titative manner. In the study the stiffener was located on the bottom plate of an AFRAMAX 
double-hull oil tanker. The structural degradation over time was modelled as a specific time 
function using statistical corrosion models in the literature. The structural availability de-
creased gradually over time with corrosion degradation. Using a numerical method such as a 
Monte Carlo simulation enabled the quantification of the time-dependent availability, provid-
ing the failure mode can be defined as a time function.  

Van et al. (2018) analyzed the ultimate bending moment capacity of a capesize bulk carrier and 
a handymax bulk carrier under the influences of initial imperfections and corrosion wastage 
over time. The corrosion rate estimation model for bulk carriers was introduced according to 
the literature. Repair periods were calculated for each bulk carrier subject to different levels of 
corrosion and initial imperfections. It needs to be noted that this study was based on a deter-
ministic approach.  In comparison, Garbatov et al. (2018) developed a risk-based framework 
for a multipurpose ship based on ultimate strength assessment and life cycle cost (design, build 
and maintenance). Structural degradation over time was considered in terms of general corro-
sion using the exponential model developed by the authors in their previous research. The 
probability of progressive collapse of the ship hull was calculated using the first order reliabil-
ity method. It was suggested that the developed framework could be used in the early stage of 
design with limited data, while allowing for a more economical design considering future 
maintenance plans. However, both the coating life and the transition time were fixed to be 5 
and 7 years, respectively. The accurate prediction of these two values is critical to determine 
the onset and severity of corrosion. Similarly, in the study by Gong et al. (2019), a risk-based 
maintenance decision-making framework was proposed for ships to address the optimal dry-
docking inspection. The corrosion rate of plating and stiffeners followed a Weibull distribution 
with different mean and COV values at different structural locations. It was found that the cost 
of structural renewal had little contribution to the lifecycle cost regardless of the corrosion 
extent. With more accurate input of the maintenance cost, the model could be refined.  Liu et 
al. (2019) presented a framework for a synthesized life-cycle risk analysis of an aged high-
speed naval vessel’s performance considering reliability, cost, and availability. This framework 
revealed the implications of structural repair decisions in risk management of ships. It enables 
decision makers to choose optimal repair option with respect to different service life extension 
needs.  

Georgiadis and Samuelides (2019) applied Bayesian updating for a statistical corrosion model 
from the literature and subsequently assessed the ultimate strength of a VLCC hull girder using 
the Smith method. The assessment was based on data collected at specific time instances over 
the service life of 25 years. Uncertainties associated with material properties, corrosion rate 
and coating life were included. It was found that the ultimate strength was most sensitive to 
material’s yield strength, indicating the importance of accurate material modelling. The method 
needs validation from real inspections and was suggested to be applied for FPSO units for less 
variations in environmental conditions. Improvements could be made in the theoretical model 
of corrosion wastage prediction accounting for the non-linearity of annual corrosion rate dim-
inution over time, giving a more realistic perspective of the phenomenon. Woloszyk and Gar-
batov (2019) assessed the reliability of a tanker ship hull structure subjected to vertical bending 
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moment and corrosion degradation. The progressive collapse and ultimate load carrying capac-
ity were estimated, based on experimentally tested scaled box-shaped-specimens. A sensitivity 
analysis concerning the stochastic variables, included in the ultimate limit state function, was 
performed aimed at identifying the partial safety factors. 

Another aspect of life-cycle degradation is to consider multiple cycles of bending of the hull 
girder with magnitudes close to the ultimate strength. In other words, when a ship is subject to 
a series of extreme waves, each load may be below the ultimate strength of the structure. How-
ever, a combination of alternating load cycles may weaken the capacity (Li et al., 2019d). Un-
like the ultimate strength analysis under monotonic load, the cyclic hardening and Bauschinger 
effects were included in FEA plate models (Li et al., 2019d) and hull girder models (Li et al., 
2020) considering multiple load cycles. It should be noted that the inertia effect was eliminated 
and hence the analysis was static even though a dynamic solver was used. Significant reduction 
(~40%) in the residual ultimate strength of the hull girder was found with an increasing number 
of loading cycles. However, this reduction will eventually stop when the cycle number exceeds 
a certain value.  

In Li et al. (2019e), a structural reliability analysis model based on a Bayesian belief network 
(BBN) is proposed for the hull girder collapse risk after accidents. BBN is used to represent 
the random states of variable risk events after accidents, and SRA is used to evaluate the failure 
probability of hull girders for each possible accident condition. 

In order to asses for a rapid hull girder strength calculations of double hull oil tankers after 
collisions, Faisal et al. (2016)  and Youssef at al. (2017) developed a method to predict the hull 
girder residual strength of double-hull oil tankers by considering probabilistic collision damage 
scenarios, based on the historical ship collision database, studying four different as-built dou-
ble-hull oil tankers to formulate the collision damage reduction ratio of the vertical hull girder 
moment of inertia and ultimate bending moment, identified in the form of diagrams. 

3.6.2 Platforms and other offshore structures  
The life cycle prognosis of offshore structures is based on linking between design, and inspec-
tion, monitoring, maintenance and repair (IMMR) (Moan, 2018). Based on risk and reliability 
design methods, experience and information from operation and inspection of individual struc-
ture could contribute to risk control and the IMMR plan throughout the structure’s life cycle 
(Moan, 2018). 

Marine fouling poses issues to offshore platforms by increasing drag and structural weight. It 
can also accelerate the corrosion process and threaten the platform’s structural integrity. Mohd 
et al. (2019) investigated the effect of time-dependent fouling and corrosion on a fixed platform 
in Malaysian waters. The ultimate bending capacity was assessed using pushover analysis 
based on an FEA model of the platform. Corrosion was simulated as a uniform thickness re-
duction using the model developed by Paik et al. (2003b), which shows a linear relationship 
between corrosion depth and time from 5 years onwards. The marine fouling over time was 
modelled in terms of thickness increase for different water depths. It was found that the marine 
fouling significantly increased the load on the structures, leading to 38% reduction in the re-
serve strength ratio (RSR) after 5 years in service. The corrosion condition will further reduce 
the RSR by 7% annually and shorten the platforms life from 29 years to 50 years. 

A series of sensitivity analyses was conducted by Zeinoddini et al. (2017), whereby the marine 
fouling was also one of the variables under investigation. The study focused on six aged plat-
forms (40 years old) operating in the Persian Gulf. The ultimate strength and the RSR with 
respect to the 100-year environmental loading were calculated from push-over analysis. Spe-
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cifically, the environmental load was determined based on API RP 2A-2.3.  Cracks and perfo-
rated plates were also included in the modelling. However, details regarding these defects were 
not provided. The variable marine fouling was assumed to follow a lognormal distribution, 
with a mean of 75 mm, a median of 50 mm and the coefficient of variance of 0.5.  It was found 
that both the ultimate strength and RSR were more sensitive to variables that related to the 
load, including the marine fouling, compared to the strength related variables. Tornado dia-
grams were provided to quantify the variable sensitives.  

3.7 Summary 
This section indicates that recent research on the lifecycle and degradation effects is mainly 
focused on carbon steel structural components and ship/hull form structures. Nonlinear FEA 
and the Smith’s method are the most used approaches for assessing the ultimate strength. Many 
of the studies only considered the geometric imperfections induced by welding, as it has been 
suggested to be more influential to the strength capacity compared to the welding-induced re-
sidual stresses. However, there is little focus on the effect of welding defects, which could be 
due to their greater importance in fatigue/fracture compared to the buckling behavior.  

Corrosion, together with other types of damage and material degradation, are age old issues 
considered in ultimate strength analysis for ships; and are still actively investigated. Method-
ologies of how to incorporate such damage to a structure model is relatively well-established. 
The biggest challenge is how to better predict the degradation and the associated uncertainties 
throughout the structure’s service life. There is an increasing interest in adding corrosion fun-
damentals in structural analysis.  It is also essential to have new database of thickness meas-
urements from ship surveys in the open literature to allow advanced data analytics such as 
machine learning to facilitate a better damage prognosis. This will have profound impact on 
developing optimized design/maintenance and full digital twin models.  The recognition and 
incorporation of uncertainties has started early in offshore industry from design stage to mainte-
nance and repair. This is realized by adoption of risk and reliability methods to make rational 
decisions. Over the last three years, continuous advancement in researching the effect life cycle 
and degradation can be seen, focusing on corrosion, marine fouling and the capability of up-
dating prediction models based on in-service data collection. Future research is needed to better 
predict/quantify the material degradation processes, especially when new materials are increas-
ingly used for offshore construction; and to better incorporate the human element (from fabri-
cation to operation) into the analysis. 

4. SHIPS  
Chapter 4 focuses on the ultimate strength of ships that are not fixed in place but are meant to 
transit between ports. The ultimate strength of a ship at the system level is important to safety 
considerations of the vessel in that collapse may lead to sinking or capsize. The ultimate 
strength of the ship structural elements are often precursors to a broader structural system fail-
ure that may result in loss of the ship.  

This chapter begins with examination of load types such as wave, collision, and explosive in 
4.1. Then, strength of structural elements is addressed in 4.2 such as stiffened panels and gril-
lages. After that, the section 4.3 considers structural systems such as hull girder strength.  Fi-
nally, recent advancements in rules and guidelines that govern design and analysis for ultimate 
strength are presented in 4.4.  

4.1 Loads  
In this section, the loads related to the collapse behaviors of ship structures and their structural 
components under ultimate conditions are discussed. Moreover, they are classified into the 
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following items: still water and wave-induced loads, ice load, collision and grounding loads, 
fatigue and corrosion, explosion loads and loads of climate change and safe design. 

4.1.1 Wave-induced loads 
Recently, the trend for further development and enhancement of numerical methods continued 
for predicting accurate wave loads. The three-dimensional time-domain nonlinear hydro elastic 
approaches are used to estimate the ship's wave load, which is mainly utilized to calculate the 
ship's ultimate wave bending and torsional moments. For instance, Chen et al. (2019d) used 
the Rankine source method to analyze the nonlinear hydro elastic response of a container ship 
in regular oblique waves. Moreover, Jiao et al. (2019) developed a three-dimensional time-
domain nonlinear hydro elasticity theory where the nonlinearities are arisen from incident wave 
forces, hydrostatic restoring forces, and slamming loads.  

New research focuses on the challenging CFD-FEA coupling method by comparing the pre-
dictions with strip method, three-dimensional panel method, and towing tank test. For example, 
Takami et al. (2018) developed a numerical simulation method for predicting global and local 
hydro elastic response of a ship based on CFD and FEA coupling. Takami et al. (2020) further 
used the first-order reliability method for coupled CFD and FEA, by which the most probable 
wave episodes leading to given VBMs are identified under a given short-term sea state. 

4.1.2 Ice loads 
Due to global warming, the numerical simulation methods have been increasingly developed 
to evaluate ship performance on ice and under ice load in recent years. Ding et al. (2019b) 
calculated the maximum yield stress and buckling factor by applying ice load to the structure 
model and compared them with the allowable value according to IACS PC rule. The bow and 
mid-ship of a polar ship was used in the case study. Zhou et al. (2018) presented a new tool to 
simulate ice-structure interaction in six degrees-of-freedom in time domain. The horizontal 
motion of ice rubble and distribution of ice rubble at each panel are calculated to derive the ice 
accumulation force. Ice bending and crushing failures are considered for icebreaking. 

4.1.3 Collision and grounding loads  
Loads on ship damaged by accidents are still areas of concern in ship design and operation. In 
general, damages due to collision and grounding are most frequently observed; therefore, var-
ious research studies focused on these types of damage scenarios. To give an example, Tabri 
et al. (2020) presented a method for the assessment of residual strength of a ship hull damaged 
in a grounding accident. The strength assessment is based on a coupled beam method that al-
lows time-efficient analysis. As a case study the method was applied to a double hull tanker. 
In addition, Zhang et al. (2019b) used the analytical approach and finite element analyses to 
study model-scale and full-scale collision tests in detail. An analytical method for ship collision 
damage assessments was validated with numerous experiments and one full-scale collision ac-
cident data.  

4.1.4 Fatigue and Corrosion 
The service life of the ship is related to the fatigue and corrosion design. It mostly requires the 
assessment of a lifetime vertical bending moment histogram for a ship. The lifetime bending 
moment histogram summarizes the ranges of bending moment magnitudes and their corre-
sponding number of cycles expected during the ship’s service life. These bending moments 
include those due to changes in wave height and slam induced whipping. The assessment of 
the loading sequence on fatigue crack growth of cracked details is essential when the ship hull 
is subjected to random wave-induced loading during the service time (Huang et al., 2018). 
Recently, Tekgoz et al. (2020) provided an overview of the ultimate strength assessment of 
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ageing and damaged ship structures in the entire ship hull structures subjected to corrosion 
degradation, fatigue cracking, and mechanical damage caused by accidental loading or impact. 

4.1.5 Explosion loads 
The warship deformation mechanism of underwater explosion is very important for the assess-
ment of warship survivability. Underwater explosion and its highly nonlinear effect on nearby 
structures are more complicated. Fluid-structure coupling analysis is generally used, and tran-
sient fluid-structure interaction is always a challenge in ship structure analysis. To address this 
challenge, Kong et al. (2021) studied the long-distance underwater explosion, the dynamic 
buckling of the hull's main deck grillage completely collapsed. This dynamic buckling is 
mainly due to the dynamic moment of the hull when the hull moves suddenly under the action 
of explosive impact load. Moreover, Gan et al. (2019) conducted the experiment in a water 
pool of underwater explosion, the numerical calculation is carried out through the coupled Eu-
lerian-Lagrangian  algorithm, and plastic hinge of the hull girder under explosion bubble col-
lapse are studied. 

4.1.6 Loads of climate change and safe design 
The Fifth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC) uses 
four scenarios for future greenhouse gas concentrations in the atmosphere called Representa-
tive Concentration Pathways (RCP). The predicted changes in the ocean wave climate and its 
impact on ship safety design with particular attention to related uncertainties is an important 
issue. Bitner-Gregersen et al. (2018) addressed projected changes of wave climate in the North 
Atlantic and their impact on the safe design of ships, with a particular focus given on associated 
uncertainties. The paper discussed how structural design of ships can be upgraded to account 
for climate change and rogue waves without necessarily leading to significant economic con-
sequences. The past and projected future wave climates of selected locations in the North At-
lantic and North Norwegian Sea were considered by Guo et al. (2019). The hull girder ultimate 
strength governs sagging and hogging failures, which is one of the most critical failure modes 
for a ship hull, and a linear model for bending moment in extreme weather with a nonlinear 
correction factor was adopted in the analysis. 

4.2 Structural Elements 
A ship structure mainly consists of many monolithic and stiffened panels. Accordingly, struc-
tural assessment of plates, stiffened panels/grillages, column, joints (e.g., weld lines) is a great 
importance for ultimate strength of ships. Therefore, this section discusses the recent research 
and developments on the ultimate strength of the unstiffened and stiffened panels as structural 
elements in ship structures.  

4.2.1 Stiffened panels 
Many researchers have derived the simple formulas to estimate the ultimate strength of stiff-
ened panels under in-plane compression, most of which were formulated as a function of a 
plate slenderness ratio and column (stiffener) slenderness ratio.  

Ao et al. (2019) investigated the ultimate strength of stiffened panels under longitudinal thrust. 
A few existing empirical formulas to express the ultimate strength were selected and their va-
lidities were investigated comparing with FE results. The formula proposed by Zhang et al. 
(2009) was focused as the most appropriate one which is an equation of two dominant param-
eters, namely the plate slenderness ratio and the column slenderness ratio and was modified 
adjusting the coefficients. The error band of the modified formula is narrowed from ±15% to 
±5%. The original equation from Zhang, et al (2009) is: 
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where λ is the column slenderness of stiffened panel, and  𝛽 is the panel slenderness. In the 
modified equation from Ao, et al. (2019), α and η are given as: 
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As depicted in Fig. 12, Xu et al. (2018a) performed FEM analyses for the stiffened panel sub-
jected to in-plane compression and lateral pressure. It was clarified that the lateral pressure 
increases the in-plane ultimate strength in some cases with small stiffeners although the pres-
sure decreases the strength in most cases. Based on the FEM results, the empirical expressions 
were derived for the ultimate strength assessment using the plate and column slenderness ratios 
and the lateral pressure expressed by water head. Through the comparison between the FEM 
and previous test results and other formulas, it was confirmed that the developed formulae are 
useful for predicting the load carry capacity of stiffened panels. 

Moreover, Ozdemir et al. (2018) proposed a new approximate method based on analytical for-
mulas to estimate the ultimate strength of stiffened panels. Analytical solutions based on Elastic 
Large Deflection Analysis (ELDA) were derived assuming deflection functions to express both 
the local and overall buckling shapes. The ultimate strength was estimated as initial yield 
strength using the stress calculated by the analytical solutions. The estimations and the nonlin-
ear FEA results were compared, and a very good agreement was confirmed for all collapse 
scenarios investigated. 

 

 

Figure 12: Collapse shapes of the stiffened panels with different lateral pressure (plate: 
2550×850×33mm; Angle stiffener: 150×90×9/12mm) (Xu et al., 2018a). 

Furthermore, Komoriyama et al. (2018a) proposed a new method to estimate the ultimate 
strength of stiffened panels under biaxial compression mainly in transverse direction. Since the 
stiffened panels collapse with the local panel buckling mode in this case, the estimation method 
was composed of the formula for the unstiffened panel under transverse compression and the 
effects of biaxial compression, stiffeners and von Mises yield condition were added. The 
method was compared with an existing method and formulae used in the CSR-OT, CSR-BC, 
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and CSR-H, it was confirmed that the proposed formula has sufficient accuracy and high avail-
ability. 

4.2.2 Curved panels 
Curved panels and curved stiffened panels are applied to a bilge corner in ship structures. Alt-
hough it was found that the curvature of the curved panel has the effect to enhance the buckling 
strength, the ultimate strength and collapse behavior of these curved panels are not clarified 
compared with flat panels and flat stiffened panels. 

Park et al. (2018) carried out nonlinear FE analyses for cylindrically curved plates under axial 
compression and lateral pressure to clarify and examine the fundamental behavior. The effects 
of curvature, initial deflection, slenderness and aspect ratio and boundary conditions were dis-
cussed. The panel slenderness ratio was modified so that the effect of the curvature could be 
considered and a formula to estimate the ultimate strength was proposed using the slenderness 
ratio. Moreover, a similar investigation for stiffened curved plates was also conducted as shown 
in Fig. 13. 

 

Figure 13: Collapse mode and distribution of equivalent stress of curved stiffened panels 
under combined axial compression and lateral pressure (Park et al., 2019). 

Cui and Wang (2019b) assumed that a bilge stiffened panel in ship hull was subjected axial 
compression due to vertical bending of the hull and lateral pressure and performed nonlinear 
FE analyses for the curved stiffened panels with various geometric parameters and structural 
scantlings. Closed-form ultimate strength prediction formulas were proposed for curved stiff-
ened plates applying the panel slenderness ratio considering the effect the curvature and the 
column slenderness ratio. From the comparison with the FE results, it was confirmed that the 
proposed formula has sufficient accuracy. 

Ljubinkovic et al. (2020) conducted collapse tests of curved stiffened steel panels under axial 
compression and simulated the collapse behavior of the test models by nonlinear FE analysis. 
Moreover, they investigated the post-buckling behavior and ultimate strength of simply sup-
ported cylindrically curved steel panels subjected to a pure shear load through nonlinear FE 
analyses varying the geometrical parameters, such as curvature and aspect ratio (Ljubinkovic 
et al., 2019) and provided empirical formulas for the ultimate shear reduction factor. 

Manco et al. (2018) analysed curved panels under uniaxial compression and developed a semi-
analytical model for the post-buckling behavior based on ELDA. The results calculated by the 
proposed model were in good agreement with the FEA results. Additionally, the closed form 
formula for the prediction was also derived by reduction of deflection coefficients. 
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4.2.3 Complicated loading 
Panel and stiffened panel as structural components of a ship structure are subjected to not only 
static and monotonic loading but also complicated loading such as dynamic or cyclic. For ex-
ample, Yang et al. (2018) performed nonlinear and dynamic FE analyses for ship bottom stiff-
ened panels under uniaxial compression and investigated the dynamic ultimate strength. The 
influences of the magnitude of initial deflection, loading speed (strain rate), lateral pressure 
and boundary conditions of the edges of the FE model on the dynamic ultimate strength of the 
stiffened panels were discussed.  In the results, it was clarified that the effect of the lateral 
pressure on the dynamic ultimate strength is small although the other terms do affect the 
strength. 

The dynamic ultimate strength of rectangular simply supported panels under in-plane half-si-
nusoidal impact loading was investigated by Yang et al., 2019. A simple and reasonably accu-
rate empirical formula was derived. The ultimate strength by the proposed formula was com-
pared with the dynamic FE results of three existing ship hull plates and the applicability of the 
proposed formula was verified. 

Komoriyama et al. (2018b) carried out the cyclic compression loading experiments with two 
stiffened panel specimens as illustrated in Fig. 14. The first specimen was subjected to in-plane 
and cyclic compressive load under displacement control with increase of its average level. The 
second specimen was subjected to the cyclic load limited to a level lower than the calculated 
ultimate strength. It was found that the cyclic compressive loading increased the accumulated 
buckling deformation and decreased the ultimate strength. 

 

 
Figure 14: Collapse test of stiffened panel under cyclic compressive loading  

(Komoriyama et al., 2018b). 

4.2.4 Validation of estimation formula 
As mentioned above, many new formulas were developed to estimate the ultimate strength of 
the structural elements. Although the validity of these formulas was discussed through the com-
parison with nonlinear FE results, the comparison between the formulas was hardly performed.  

Kim et al. (2018) reviewed the research on the estimation of the ultimate strength of stiffened 
panels under longitudinal compression and introduced various empirical formulas using plate 
slenderness ratio and column (stiffener) slenderness ratio. The estimated ultimate strengths by 
the design formulas such as Euler, Johnson-Ostenfeld and Perry-Robertson, the introduced em-
pirical formulas, and the analytical method software, ALPS/ULSAP (2019) were compared 
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with the nonlinear FE results for total of 10,500 cases of stiffened panels. The empirical for-
mulas provide more proper ultimate strength than the design formulas, but the ALPS/ULSAP 
provides most accurate ultimate strength. 

Note that the estimation formulas introduced in the reviewed papers were not validated for the 
structural elements with common dimensions and the applicability cannot be compared. It is 
recommended that these are investigated through a benchmark study. 

4.3 Structural Systems 
In this section, hull girder, intact and damaged residual strength, superstructure inclusion, and 
their effect on ultimate strength of ship is discussed to review the recent advances in the struc-
tural systems of ships. 

4.3.1 Intact hull girder 
In the past decades, well-assessed analytical and numerical methods have been developed to 
estimate the hull girder ultimate strength. Discrepancies between results are often found. Clear 
guidelines on governing factors are of key importance for reliable estimation of ultimate 
strength. 

Van and Yang (2017) and Van et al. (2018) recently conducted a historical review associated 
with the ultimate hull girder strength, then compared and discussed results of thirteen tradi-
tional methods for predicting the ultimate bending moment of ship hull girders, considering a 
set of six different cross sections. It was found that Viner’s method, Qi and Cui’s method, and 
IACS-CSR method underestimate the ultimate hull girder strength in several cases, while 
Mansour and Faulkner’s method, Faulkner and Sadden’s method, Valsgaard and Steen’s 
method, and stress distribution method overestimate the ultimate bending moments of several 
hull girders. The authors also concluded that it is of key importance to improve the methods to 
consider the initial geometric imperfections and residual stresses, and the age-related damage 
(such as corrosion wastage, fatigue cracks, and local dents). 

Xu et al. (2017) discussed a reliable and suitable FE modelling strategy within the explicit 
dynamic method, which could keep the balance of the acceptable accurate results and compu-
tation resources. Several influential factors on the collapse behaviors of hull girder were dis-
cussed including boundary conditions, Refinement of finite element model, element types, 
loading methods and loading time. The results of a Suezmax oil tanker and Reckling models 
are compared with that by the other analytical methods or experimental results. The main find-
ings of this relevant study were:  

• FE models adopting beam elements cannot consider the initial sideways deflections and 
tripping buckling for stiffeners, thus giving excessive torsional stiffness, which may 
overestimate the ultimate strength of hull girder. Hence, it is recommended to adopt the 
shell element for both plate and stiffener. 

• The imposed moment method at the end of hull girder might overestimate the ultimate 
longitudinal strength. The imposed rotation angle method is more similar with the ac-
tual loading process of progressive collapse of the vessel voyaging under severe sea 
condition. When the loading time assessed by the actual period of wave is used in the 
explicit dynamic analysis, the solution time might be very long; and a too short loading 
time may lead to overestimating the result due to inertia effect. A proper loading time 
is advised as 0.25 s for the full-scale hull girder. 

Zhang et al. (2017) proposed an analytical model to estimate the longitudinal strength of ship 
hulls in composite materials under buckling, material failure and ultimate collapse based on 
the ultimate strain of fiber reinforced plates and stiffeners, with a simplified analytical method.  
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Shi et al. (2019b) compared the rule requirements of ultimate strength in CSR-H and CSR-
OT/CSR-BC based on five typical Bulk Carriers and four typical Oil Tankers. The hull girder 
ultimate strength is mainly analyzed by Smith’s method in rule requirements due to fast and 
stable calculation of results, although nonlinear finite element method was also adopted to ex-
plain the critical influence factors of structural elements. The actual ship evaluation results can 
be used to inform the new CSR-H ship design. 

4.3.2 Superstructure inclusion 
Shi and Gao (2019a) proposed a simplified modelling method of whole ship structures to cal-
culate the hull girder ultimate strength by nonlinear FE analysis, analyzing in detail the varia-
tion characteristics of superstructure’s effectiveness from elastic state to limit state for a cruise 
ship. Owing to non-continuous structures, such as window openings and side shell recess above 
lifesaving deck, effectiveness of the superstructure on longitudinal strength of cruise ships is 
difficult to determine. The conclusions obtained in this paper provided a reference for assess-
ment of hull girder ultimate strength in cruise ship design. 

4.3.3 Load combination 
Research on the effects of combined loading on ultimate strength of hull girders have mainly 
covered two topics in the period covered by the present report. Namely the effect of dynamic 
response of hull girder (i.e., whipping) combined vertical and horizontal bending moment, tor-
sional moment, and combination of bending and torsion. 

Ultra large container ships feature large deck openings causing low torsional rigidity. In rough 
sea, when the ship sails at an oblique heading, the horizontal and torsional moments may lead 
to significant stresses, which combine to axial stresses when the vertical bending moment is 
included. In such cases, hull girder ultimate strength assessment of container ships under load 
combinations is necessary in the design stage. Bending torsion interaction on ultra large con-
tainer ships was debated by Cui et al. (2019c). Wang et al. (2018a) conducted a series of non-
linear finite element analyses aimed at proposing a formulation to assess the ultimate strength 
capacity of the hull girder vertical moment, torsional moment and horizontal bending moment. 
The same authors (Wang et al., 2019a) proposed an experimental setup, of a scaled model, for 
the experimental evaluation of hull girder ultimate strength of large container ships under com-
bined bending/torsional moments, based on the outcome of nonlinear finite element analysis. 

Takami and Ijima (2019) developed and validated a numerical method based on a two-way 
coupled computational fluid dynamics and finite-element analysis. Hence, an investigation was 
made into the effect of the hydro-elastic component in the double bottom moment on the total 
DBM and the hull girder ultimate strength. It was found that the wave-induced and hydro-
elastic components respective proportions are 11% and 7% of the total DBM, and the DBM 
component reduces the ultimate strength by about 11%. Similarly, Jiao et al. (2019) developed 
a three-dimensional time-domain nonlinear hydroelasticity theory, where the included nonlin-
earities are those arising from incident wave force, hydrostatic restoring force and slamming 
loads. The hull girder structure was simplified as a slender Timoshenko beam, fully coupled 
with the hydrodynamic model in a time domain. The hull girder ultimate strength is assessed 
by both the improved rule approach and direct calculation.  

Corak et al. (2018) studied the ultimate vertical bending moment capacity of hull girder of 
container ships with respect to the stochastic modelling of the loads, consisting of static still-
water bending moments (SWBMs), low-frequency rigid body vertical wave bending moments 
and high-frequency whipping bending moments. Such study may be useful for classification 
societies in further development of recently introduced IACS Unified Requirements for longi-
tudinal strength of container ships. 
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4.3.4 Multi-hull 
Xu et al. (2019) presented an experiment on the ultimate strength of an inland catamaran sub-
jected to a vertical bending moment, comparing the result with a finite element model. A large-
scale specimen was designed employing the scaling laws and linear finite element static anal-
ysis. During the experiment, the load-displacement and strain data, overall and local structural 
collapse are recorded. Good agreement was found between experimental results and numerical 
predictions and conclusions on the improvement of the ship ultimate longitudinal strength was 
also presented.  

Liu et al. (2018) presented an experiment aimed at examining the ultimate strength of a one-
eighth scaled SWATH (Small Waterplane Area Twin Hull) ship model subjected to transverse 
loads. The transverse ultimate strength was found critical due to large stress concentrations in 
the narrow struts and haunches.  The ultimate strength of the actual SWATH ship was evaluated 
according to scaling laws, and the ship safety margin analyzed.  

4.3.5 Progression sequence of failure 
For a long time, ultimate strength of ship hull girder has been considered under monotonically 
increasing bending moment. Under extreme ocean wave conditions, the hull girder is more 
likely to withstand extreme cyclic-bending moments under which the ultimate bearing capacity 
of the hull girder may be dominated by cyclic buckling failure, extreme low-cycle fatigue fail-
ure or the coupling of the two. In the study conducted by Cui and Yang (2018a), the ultimate 
strength and failure characteristics of five steel box girder models were studied under two dif-
ferent kinds of cyclic-bending moments (repeated sagging and alternating sagging/hogging). 
The two box girder models subjected to alternate sagging/hogging bending moments fractured 
apparently due to the extremely low-cycle fatigue. The rest of the three models exposed to 
cyclic sagging bending moments collapsed by cyclic buckling accompanied by accumulated 
plastic deformation. The experiment shows that the extreme cyclic-bending moments will sig-
nificantly reduce the ultimate bearing capacity and fatigue limit of ship girder, and lead to 
disaster. Along with the increasing of loading cycles, the ultimate bending moment strength 
keeps decreasing. To assess the actual ultimate capacity, the complex in-service history of the 
hull structures must be considered, including cyclic loading, and unloading. The same authors 
(Cui and Yang 2018b) also used these experiments to verify a numerical model based on the 
traditional Smith’s method, by introducing the cyclic stress-strain curves of basic structural 
elements to a simplified calculation program. 

Li and Benson (2019c) reevaluated the use of shakedown limit state in the assessment of lon-
gitudinal strength of ship hull girders, which was originally proposed by Jones (1975). Six 
cyclic finite element analyses were conducted, and an energy-based limit state characterization 
proposed. Authors concluded that the future development of structural assessment of ship hull 
girders under longitudinal bending can be placed on assessing the overall behavior and accu-
mulative loss of resistance capacity during a given loading scenario. Also, a systematic inves-
tigation of the hull girder and structural components under large loading and unloading is 
needed. In addition, Yamada (2019) studied the dynamic collapse mechanism of hull girder of 
container ships in hogging with nonlinear dynamic FEM models, finding that ultimate strength 
as well as collapse mode is significantly dependent on load time duration of hogging moment. 

4.4 Rules and guidelines 
This section focuses on current practice specific to ships, recent developments, rules and reg-
ulations posed by IMO, IACS, Class, National standards, safety factors, and limit state defini-
tion for ships’ ultimate strength. 
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4.4.1 General 
Design of ships has been under continuous development in the last decades to be fit for the 
present demands such as increased size and cargo capacity, specialized vessel types for differ-
ent purposes, etc. In the shipyard industry, the focus is on weight optimization to save steel and 
to be more environment friendly. This requires that the rules are applicable on many different 
designs with respect to different structural arrangements, steel qualities such as high tensile 
steel, loading conditions, etc. The application of direct calculation approach using finite ele-
ment analysis, has also gained increasing attention which can be used for special cases that is 
not covered fully by explicit design rules.  

Rules and guidelines such as classification rules provide the framework to achieve a safety level 
in the design and construction of ships. A particular aspect of these rules is that they address the 
required level of safety by defining a limit state. This limit state contains definition of both 
resistance of the structure (capacity) and loads (demand) which is usually a predicted extreme 
load case. Recently, the procedures for dimensioning the hull structure are changing due to the 
modern computers that are used in automatic routines for scantling calculation based on the 
classification rules. The current industry practice for preliminary hull structural design is 
illustrated in Fig 15. In the design of ships, the resistance of the structure is checked on different 
levels. Acceptable safety levels are typically achieved by checking the ship structure on two 
levels: 

• Ultimate strength of the hull girder 
• Local buckling strength for individual members 

The ultimate hull girder strength check ensures that the global strength of the ship is strong 
enough to sustain the external loads without a total collapse of the ship, and this check gives 
an indication on the corresponding safety margins. The local buckling check ensures that local 
elements are strong enough to prevent local damages or progressive collapse of larger structural 
parts. 

 
 

Figure 15: Illustration of the current industry practice for structural design. 

D
ow

nloaded from
 http://onepetro.org/snam

eissc/proceedings-pdf/ISSC
22V1/1-ISSC

22V1/D
011S001R

006/3099106/snam
e-issc-2022-com

m
ittee-iii-1.pdf/1 by guest on 14 D

ecem
ber 2023



438  ISSC 2022 Committee III.1: Ultimate Strength 
 
 

4.4.2 Ultimate hull girder strength check 
The ultimate hull girder capacity under longitudinal bending is one of the most essential 
strength measures for a ship. This measure is traditionally referred to as the ultimate hull girder 
strength of the ship which is a measure of the hull capacity under longitudinal bending condi-
tions. In the previous ISSC 2018 III.1 report (Czujko, et al., 2018), there was a lot of focus on 
the ultimate hull girder strength check, and only the essential aspects of this strength check are 
presented here for the completeness of the report. 

For a ship structure, the global strength with respect to hull girder bending is typically checked 
using a Smith approach (Smith 1977) which is a method where a hull section is subdivided into 
several individual load carrying structural members (e.g., stiffened plates, girders). The total 
hull girder strength is found in an incremental procedure by increasing the external loads until 
the maximum point is reached. In this approach, it is assumed that each individual member will 
be subjected to strains that increase linearly with the distance from the neutral axis by assuming 
that plane sections remain plane. The reserve strength of a damage ship hull can also be vali-
dated using the Smith approach. For such cases, the reduced hull girder strength can be esti-
mated conservatively by removing individual members that are damaged. This will give an 
indication about the safety margins against total collapse of the vessel.  More details on the 
ultimate hull girder strength check can be found in the ISSC 2018 III.1 report (Czujko, et al., 
2018).  

4.4.3 Local buckling check 
For ship structures, local buckling checks are performed for stiffened panels, pillars etc. for 
many different load combinations of in-plane loads, bending moments, and lateral pressure. 
Typically, loads on local level are computed from linear finite element stress analysis (i.e., 
direct strength analysis) of a larger structural part (e.g., cargo hold model) or by loads from 
prescriptive requirements. 

There exist many methods for local buckling check of strength members in ship structures, 
dependent on the type of vessel, structural element, etc., and each class society has their own 
rule sets for strength calculations. In IACS Unified Requirements URS-11 (IACS 2015a) there 
is a buckling procedure for non-CSR vessels, but this set of buckling assessment is based on a 
rather old buckling philosophy where local elastic plate buckling is not accepted. In addition, 
most of the class societies has reservations in place to use their own buckling assessment re-
quirements. 

More recently, the buckling procedure in Common Structural Rules (CSR) for Bulk Carriers 
and Oil Tankers (IACS 2018) was developed which is a buckling method based on ultimate 
strength principles where elastic plate buckling is accepted. This method is widely accepted by 
most of the Class Societies. Further, the same buckling procedure was adopted by the IACS 
Unified Requirements for containers vessels URS-S11A (IACS 2015b) which was established 
after some major structural failures of large containerships in recent years. 

4.4.4 Recent development for IACS for local buckling check 
In the last decades, there has been a focus in IACS to harmonize the buckling methods, and 
one first step was the harmonization of Common Structural Rules for Bulk Carriers and Oil 
Tankers (IACS 2018). As a next step, there is an ongoing work to harmonize all the different 
IACS Resolutions on ultimate strength calculations to accommodate comments from the in-
dustry that there are different buckling methodologies in CSR, UR S11, S11A, S21, S21A and 
S17 (IACS 2019, 2015a-d, 2017). For this work, IACS has established a project team with 
expert members from different class societies. 
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The harmonization of the buckling methodology will provide consistency among all the docu-
ments on buckling and simplify the design process. The goal is to have a URS buckling meth-
odology without reservations from most of the class societies. This will be relevant for all ship 
types and all the class societies that follow the buckling philosophy in IACS. 

In the harmonization of the buckling methodology, the procedure from CSR buckling (IACS 
2018) will be used with some modifications and improvements for some special cases where 
unphysical behavior in the formulations has been observed. Feedbacks from shipyards, design-
ers and class societies indicate that the present buckling methodology may give inaccurate re-
sults for plates with long/slender stiffeners or high stiffeners. Consequently, the buckling meth-
odology will be improved for global elastic buckling and torsional buckling capacity. In addi-
tion, the methodology will also be improved for U-type stiffeners fitted on hatch covers con-
sidering feedback from designers, hatch cover makers, and class societies. In summary, the 
ongoing work is focusing on improvements of buckling formulations for: 

• Global elastic buckling (i.e., out-of-plane buckling of a stiffened panel) 

• Torsional buckling capacity (i.e., sideways tripping of stiffeners)  

• U-type stiffeners fitted on hatch covers (i.e., stiffeners with a closed profile) 
For the rule improvement regarding the formulas for global elastic buckling, it is proposed to 
use orthotropic plate theory to replace the original beam theory. In the original formulas with 
beam theory, global elastic buckling is accounted for by transforming all in-plane loads com-
binations (i.e., bi-axial and shear loads) into an equivalent lateral pressure. However, compar-
isons with finite element analysis and PULS (DNVGL 2018) showed that this was inaccurate 
for combined in-plane loads, and especially for transverse loads. Thus, it was decided to use 
orthotropic plate theory to compute the global elastic buckling load which is more like the 
philosophy in PULS for global elastic buckling.  

To validate the improvements for the buckling formulation, a variety of stiffened plates and 
load combinations have been analyzed. For plates with dominant axial loads in the stiffener 
direction, the methodology in CSR (IACS 2018) gives almost the same results as for the im-
proved formulation since the beam theory is relatively accurate for pure axial loads to represent 
global buckling of a stiffened panel. However, for plates with combined loads or dominant 
transverse loads normal to the stiffeners, the beam theory in the CSR (IACS 2018) is somewhat 
inaccurate.  

Typical results are shown in Fig. 16 for plates with slender/long stiffeners subjected to trans-
verse loads. These results present a comparison between results for CSR (IACS 2018) and the 
updated rules (IACS 2021). For these plates, the effect on the ultimate strength by varying the 
plate thickness and the stiffener spacing is investigated. A detailed description of the plate 
dimension and load combinations for each case is given in the technical background for CSR 
(IACS 2021). Examples on actual plates with slender/long stiffeners subjected to transverse 
loads can be side plates in LPG/LNG carriers or bulk carriers, vertically stiffened bulkheads in 
oil tanker, etc. 

The results in Fig. 16 demonstrates that the trend on the buckling utilisation is different for 
CSR (IACS 2018) where the utilisation is increasing for increasing thickness, while the oppo-
site is the case for PULS, FEM and CSR (IACS 2021). The same is found for increasing stiff-
ener spacings, where the utilisation for CSR (IACS 2018) was decreased for increased stiffener 
spacing, while the opposite for the three other methods. For the FEM results, fully nonlinear 
analysis is performed, but the overall global elastic buckling load is computed using orthotropic 
shell elements which is taken as an upper limit of the plate capacity. This prevents global elastic 
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buckling which is a sound design principle in most rule sets for buckling capacity, since global 
buckling is a rather unstable response and will result in stress redistribution to supporting 
frames. 

 
Figure: 16: Utilization factor for buckling of actual plates with slender/long stiffeners 

subjected to transverse loads. 

The effect of increasing the stiffener length was also studied for plates subjected to transverse 
loads and results are shown in Fig. 17 where the length is increasing while all the other dimen-
sions are kept fixed. For shorter stiffeners with aspect ratio less than eight, the critical buckling 
mode is plate buckling and then the agreement between all the methods is very good. However, 
for longer stiffeners, the utilisation for CSR (IACS 2018) is much larger compared to the others. 
The dashed black curve in the figure is the global elastic buckling (GEB) computed using FE 
with orthotropic shell elements and this is the upper limit (cut-off) of the capacity for the longer 
stiffeners. 

 
Figure 17: Effect of varying the aspect ratio for a stiffened panel with transverse load. 
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Regarding stiffener torsional buckling, a stress dependent expression was introduced in the 
modified formulations since the original formulas may be unphysical for weak stiffeners under 
torsional loads. In addition, the expression for elastic torsional buckling is improved since the 
original expression was somewhat optimistic. More details on this aspect can be found in the 
technical background for CSR (IACS 2021). 

5. OFFSHORE STRUCTURES  
Preserving sufficient ultimate strength is crucial to ensure the structural safety of offshore struc-
tures. The ultimate strength has been an active research topic over the last decades. With the 
rapid development of offshore energy, particularly renewable energy, offshore structures scale 
up in size continuously. In the meantime, non-traditional offshore structures such as large fish-
ery farms and offshore thermal energy convertors are being built more in recent years. These 
changes demand updating previous knowledge gained from the traditional offshore oil and gas 
industry. This chapter is therefore focused on reviewing the recent literature in these areas. 
Recent advances and future research needs are presented regarding the ultimate strength of 
offshore structures. The latest changes in design standards and rules relevant to this topic are 
also summarized in this chapter.  

5.1 Loads 
The load effects on the ultimate strength of traditional offshore structures have been widely 
investigated. In this report, recent advances in relatively new structures such as offshore wind 
turbines, arctic offshore structures, and composite risers are summarized. 

5.1.1 Load effects on offshore wind turbines  
Offshore wind turbine support structures are subjected to a high level of stress as a result of 
operational, extreme, and accidental loads. It is important to carefully examine the ultimate 
strength of the structural components of offshore wind turbines including their foundation. 
Chen et al. (2015, 2016a, b) investigated the structural collapse of offshore wind turbines under 
typhoon impact in real-world cases, see Fig. 18. It is found that rotor blades and towers failed 
under extreme loads which were below the design wind speed of 70 m/s, highlighting the urgent 
need for more research on the ultimate strength of offshore wind turbines under extreme wind 
conditions. Although both steel towers and wind turbine blades are thin-walled structures that 
are susceptible to buckling under extreme load, the identified prevailing failure modes are 
yielding driven buckling of steel towers where weld joints are present and buckling driven 
collapse of composite rotor blades.  

Do et al. (2018) performed experimental investigations and numerical predictions on the re-
sponses of dented stringer-stiffened cylinders subjected to hydrostatic pressure, see Fig. 19, 
and found that the effects of collision damages on the ultimate strength of stringer-stiffened 
cylinders under hydrostatic pressure were extremely low. Chen et al. (2018b) analyzed the 
ultimate bending performance and failure modes of grouted connections in offshore wind tur-
bine support structures and found that moderate eccentricity had little effect on bending capac-
ity, bending stiffness, ductility, and stress distributions of the specimens. 
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Figure 18: Structural failure of wind turbines due to extreme wind loads during a typhoon. 

The structures failed at a wind speed below the design value [Chen et al. 2016b].  

(a) Structural failure in a coastal wind farm. (b) Blade fracture. (c) A survived wind turbine 
(d). Blade fracture. (e) Local buckling of the tower at shell wall thickness transition region 

with weld joints. 

 
Figure 19: Experimental observation and numerical simulation of dented stringer-stiffened 

cylinders subjected to hydrostatic pressure [Do et al., 2018]. 

(a) Deformed shape of physical model: SS-C-2. (b) Predicted collapsed shape of the model. 

Designing a floating offshore wind turbine system is a quite challenging task because of the 
complex environmental loading and complicated coupling effects. By merging the unsteady 
actuator line model into the in-house code, Cheng et al. (2019) established the fully coupled 
aero-hydrodynamic model for numerical simulation of floating offshore wind turbine, which is 
quite time-saving comparing with other conventional CFD tools and provides more accurate 
flow information over traditional blade element momentum (BEM) and potential flow theory. 

(a) (b) 
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Offshore wind turbines in hostile environments may be exposed to not only the wind and wave 
loadings but also the most violent seismic loadings, if they are bottom supported (e.g. jacket, 
tension leg). To alleviate the dynamic structural responses of the jacket supported offshore 
wind turbines due to the seismic loads associated with other operational loads, multiple tuned 
mass dampers (MTMD) can be installed at the top and base of the turbine tower corresponding 
to the mode shapes of the structure. Hussan et al. (2018) optimized the MTMD parameters 
based on response surface methodology and evaluated the multi-mode control strategy through 
investigating frequency response function, fast Fourier transforms, peak and lateral displace-
ments of the tower, root mean square, shear, and moment of the uncontrolled and controlled 
structures. The results indicated that the multi-mode control strategy is prominent in suppress-
ing the first two vibrational modes. 

5.1.2 Ice load on arctic offshore structures 
Sea ice poses hazards to ships and offshore structures that create challenges for designers. Riska 
and Bridges (2019) analyzed the limit state definitions adopted in the different offshore and 
ship standards with emphasis for those applicable to low temperatures and ice-covered regions, 
such as the Finnish Swedish Ice Class Rules, International Association of Classification Soci-
eties Polar Class Rules, and ISO 19906. The analysis indicated that there is a lot of variation 
between standards for offshore structures and ships, for example, the different definitions of 
the design air temperature can give very different design values. 

 
Figure 20: A snapshot from a simulation at a stage with the length of the pushed ice of 125 m, 

the thickness of 1.25 m and the plastic limit of 1 MPa [Ranta et al., 2018]. 

The Arctic is a sensitive environment and imposes stringent safety requirements for all marine 
operations. One of the key factors in developing safe Arctic operations is a reliable prediction 
of sea ice loads. By using a two-dimensional finite-discrete element method, Ranta et al. (2018) 
simulated the failure of level ice against an inclined structure and discussed the evolution of 
the ice-structure interaction process. In the simulations, an initially continuous ice sheet, mod-
eled as a homogeneous floating beam, breaks into ice blocks as the ice sheet is pushed against 
an inclined structure with a constant velocity, as shown in Fig. 20. The results show that the 
thickness and the plastic limit of ice have a strong effect on the ice load. 

5.1.3 Load on composite risers 
A flexible riser is a key enabler for the oil and gas production in ultra-deep which transports 
production fluids between floating production systems and subsea wells. Excessive hydrostatic 
pressure may cause collapse failure of flexible risers, as shown in Fig. 21 (Fernando, 2015) and 
thus predicting the critical collapse pressure is of significant importance to their anti-collapse 
design. Li et al. (2018b) reviewed the recent advances on collapse prediction of flexible risers 
and highlighted the gaps in existing methods, such as the lack of an effective equivalent layer 
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method due to the neglect or incorrect consideration of contact issues of the carcass, imperfec-
tions generated from manufacture process, complex collapse behavior under combined external 
and bending loads, etc. 

 
Figure 21: Collapse failure of a flexible riser caused by excessive hydrostatic pressure 

[Fernando, 2015]. 

Flow-induced vibration of multiple marine risers frequently occurs in deepwater applications 
and may result in serious structural failure due to fatigue damage accumulation. Compared with 
the case of a single cylinder, the oscillation characteristic and wake flow of multiple cylinders 
are much more complicated and have not been fully understood due to the interactions of a 
bundle of cylinders. Xu et al. (2018c) carried out a series of experimental tests to investigate 
FIV of two side-by-side flexible cylinders with a high aspect ratio (length to diameter, L/D = 
350) in a towing tank, and found that the apparent proximity interference exists in cross-flow 
direction when the spacing is smaller 6.0 diameter. 

5.2 Structural elements  
This section presents the recent research and development on the ultimate strength for structural 
elements and connections in offshore structures. 

5.2.1 Tubular joints 
Many alternative stiffening methods such as rack/rib, joint can, ring, doubler plate, collar plate, 
and fiber-reinforced plastic have been adopted to increase the static strength of tubular joints as 
shown in Fig. 22 (Murugan et. al, 2019). Out of these methods, some methods are applied during 
the fabrication stage (e.g. rack/rib, joint can, ring, doubler plate), and some other methods which 
are applicable during both fabrication and operation stages (e.g. collar plate, Fiber-reinforced 
plastic). 

 
Figure 22: Types of stiffening mechanisms (Murugan et. al, 2019). 

(a) Pass-through gusset  (b) external ring stiffener   (c) internal ring stiffener (d) joint can 

Pass-through gusset plates were the first attempt for the stiffening joint, however, it can reduce 
the fatigue life due to the undesirable stress concentrations. To overcome the disadvantages of 
gusset plates, reinforcing joints with the external stiffeners were adopted and found to be the 
easiest way of local stiffening, but additional wave forces are inevitably generated (Shiyekar 
et al., 1983). Internal ring stiffeners were used in the 1970s and they showed an advantage of 
longer fatigue life and less corrosion (Raghava et.al 1989), but a disadvantage of reducing the 
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internal clear diameter of the chord. American Petroleum Institute (API) recommended a 
thicker chord section (Joint Can) in the vicinity of the intersection (API 2014). Both the collar 
plate reinforcement and doubler plate reinforcement are found to be efficient in distributing the 
axial brace load to a larger region of the chord. The thicker chord section nearer to the joint 
enhances the strength of the joints. The grooves usually increase the residual stress and as a 
result increases the strength (Murugan et. al, 2019).  

Nassiraei et. al (2016) investigated the structural behavior of T/Y-joints reinforced with collar 
plates subjected to compressive loading at fire-induced elevated temperatures (Fig. 23(a)). A 
finite element (FE) model was developed and verified by the results of six experimental tests 
carried out in a previous study. At the next step, a total number of 360 FE analyses were per-
formed to investigate the effect of elevated temperatures, dimensionless geometrical parame-
ters and brace inclination angle on the initial stiffness, ultimate strength, and failure mecha-
nisms. The joints were analyzed under axially compressive load and five different tempera-
tures. 

An innovative stiffened circular hollow section (CHS) X-joint has been used in offshore long-
span transmission towers due to its higher bearing capacity in comparison with traditional CHS 
X-joint (Fig. 23(b)). A total of 480 joints are numerically modeled and corresponding load-
displacement curves and ultimate bearing capacities are obtained by FE analysis by Chen et al. 
(2019c). Parametric sensitive study results show that the bearing capacities of corresponding 
unstiffened X-joint and chord rings could be used for predicting the strength of stiffened X-
joints. In this survey, the stiffened joint is observed to provide strength enhancement up to 
811% in comparison with the traditional unstiffened X-joint, which proves that the stiffening 
method employed herein is capable of improving the bearing capacity greatly. 

Murugan et. al (2019) dealt with the effect of grooves on static strength and stiffness of tubular 
T joints of offshore jacket structures (Fig. 23(c)). Three-dimensional finite element analysis has 
been carried out to investigate the effect of grooves placed over thickened chord sections on the 
static strength of tubular T joints subjected to axial compressive load. The grooved configuration 
was found to increase the joint local stiffness by more than 250 percent. 

   
Figure 23: Various types of stiffened tubular joints. 

(a) a joint with collar plate    (b) circular hollow section X-joint       (c) a joint with grooves 

5.2.2 Tubular members 
When it comes to a tubular member, recent researches have focused on the ultimate strength 
for a tubular member with some accidental damage such as perforation or collision. Vaz et. al 
(2018) investigated the strength capacity and design formulas for intact members subject to 
axial compressive forces. However, there are few studies on the behavior of perforated tubular 
members from offshore aged units and their remaining load capacity assessment. Perforation 
damage leads to deterioration of strength capacity and lifetime shortening of the structures. 
This study presented an experimental campaign and a numerical finite element model to obtain 
the ultimate strength of tubular structures with circular perforated damage subjected to axial 
compression. 
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When a tubular member is damaged by a lateral impact such as a collision by a supply vessel, 
a decision on whether to repair or replace the members needs to be made based upon the resid-
ual strength assessment of the tubes. Li et. al (2019b) investigated the relationship between the 
residual ultimate strength of the damaged circular tube by collision and the energy dissipation 
due to lateral impact. The influences of several parameters, such as the length, diameter and 
thickness of the tube and the impact energy, on the reduction of ultimate strength are investi-
gated. Based on a series of numerical nonlinear FE analyses, a non-dimensional parameter was 
introduced to represent the degree of damage and a simplified formula has been derived to 
describe the relationship between axial compressive residual ultimate and lateral impact energy 
and tube parameters. 

Zhu et.al (2018a,b) conducted dynamic experimental investigation on the behavior of fully 
clamped pipes with different diameter-to-thickness ratios and length-to-diameter ratio equal to 
10 subjected to transverse impacts by 15-degree wedge-shaped striker. Based on the experi-
mental investigations, Zhu et.al (2018b) performed a two-phase analysis, a wedge impact anal-
ysis for an intact tubular bracing member and an ultimate strength analysis for the damaged 
member under axial compression using ABAQUS. Then, a parametric study was conducted to 
investigate the effects of diameter, wall thickness, pipe length, damage depth, and the damage 
locations on the ultimate strength of tubular members and to propose an equation for predicting 
the ultimate strength of the damaged pipe.  

Yu and Amdahl (2018b) provided a review of the state-of-the-art with respect to the response 
dynamics and mechanics of offshore tubular members subjected to mass impacts. The review 
covers various topics such as material modeling, ship impact loading, energy absorption, global 
and local responses of tubular structures, the residual strengths of damaged tubular members, 
and design considerations to mitigate against ship impacts. Ship collision assessments of such 
platforms should be carried out using dynamic analysis. During a collision, energy absorption 
in the platform occurs mainly through lateral deformation of the struck and adjacent members, 
buckling of compressed members and global motions of the platform. 

5.2.3 Curved stiffened plate 
It is known that curvature is expected to increase the buckling strength and the ultimate strength 
of a curved plate. The study by Park et al. (2018) aimed to clarify and examine the fundamental 
behavior of cylindrically curved plates under axial compression and lateral pressure via a series 
of elastoplastic large deflection analyses. The effects of curvature, initial deflection, slender-
ness and aspect ratio, boundary conditions and secondary buckling behavior are examined and 
a modified Faulkner's formula to predict the ultimate strength of the curved plate was proposed. 
Buckling modes of ring-stiffened cylindrical shells under external pressure can be categorized 
as follows: (1) the local buckling of the cylindrical shell between ring-stiffeners, (2) the buck-
ling of the entire region of the cylindrical shell including ring-stiffeners, (3) the tripping buck-
ling of the ring-stiffener, and (4) the local buckling of the web or the flange of ring-stiffeners. 
If the dimensions of ring-stiffeners increase, the overall buckling strength increases, whereas 
the tripping buckling strength decreases. The estimation formula is required to estimate the 
tripping buckling strength accurately. Shiomitsu et al. (2019) proposed an analytical formula 
for the tripping buckling strength of ring-stiffeners in stiffened cylindrical shells. 

5.3 Structural Systems 
More recently, important technological developments and new marine facilities used for off-
shore aquaculture, renewable energy exploitation, subsea mining, have attracted increased at-
tention and they are addressed here from an ultimate strength point of view. 
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5.3.1 Offshore aquaculture platforms 
Due to limited nearshore area and great impact on the local ecosystem, the aquaculture industry 
is trying to move the fish farms from nearshore to more exposed sea regions where waves and 
currents are stronger. The floating collar fish farm is the most commonly used concept nowa-
days. Each unit in a fish farm typically comprises a floating collar with two concentric tubes, 
a flexible net cage, a sinker tube and possible chains connecting the sinker tube and the floating 
collar. The system is moored with a complex mooring system with bridle lines, frame lines and 
anchor lines, supported by spar type buoys. Shen et al. (2018) investigated a realistic aquacul-
ture fish farm system in both regular and irregular waves by numerical simulations and model 
tests. The physical model used in the experiments featured all the main components presented 
in a full-scale sea cage system (with single cage) commonly used in Norway, and the set-up of 
the experiment with the model test scale of 1:16 is shown in Fig. 24. The study suggested that 
the mooring loads in the anchor lines and in the bridle lines were not sensitive to the majority 
of the wave types. The most important parameter for the anchor loads is the flow reduction 
factor in the rear part of the net cage. 

 
Figure 24: Set-up of the physical model experiments for a realistic fish farm. Two springs 

were inserted in the front two anchor lines. [Shen et al., 2018]. 

5.3.2 Ocean thermal energy conversion 
Ocean Thermal Energy Conversion (OTEC) is a process of harvesting energy from the ocean 
by utilizing the temperature difference between surface warm water and deep cold water. The 
most challenging component of OTEC floating structure is the cold-water pipe, which is in-
stalled to transport the deep seawater to the board, as shown in Fig. 25. Adiputra and Utsuno-
miya (2019) studied the effects of internal flow on the stability of the pipe and performed the 
design analysis to select the pipe material, top joint configuration and bottom supporting sys-
tem. The results yield conclusions that pinned connection at the top joint is preferable to de-
crease the applied stress, clump weight installation is necessary to reduce the motion displace-
ment, and the fiber-reinforced plastic is the most suitable material among the examined mate-
rials. 
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Figure 25: Sketch of cold-water pipe for OTEC system [Adiputra and Utsunomiya, 2019]. 

5.3.3 Offshore wind farms 
The development of offshore wind energy is gaining tremendous momentum in recent years. 
More wind farms have been built in the sea where wind turbine structures are subject to uncon-
ventional loads and environmental conditions such as typhoons, hurricanes and tsunamis. The 
ultimate strength of each single offshore wind turbine is dependent not only on its own but also 
on the other wind turbines, particularly the ones upwind due to the wake effect, see Fig. 26. 

 
Figure 26: A photograph of the offshore wind farm at Horns Rev 2 Denmark was taken by 
helicopter pilot Gitte Lundorff. The photo of the fog over the sea dramatically pictured the 

offshore wind farm wake – which requires large offshore wind farms to be designed against 
both ultimate strength and fatigue resistance on a system level.  
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The wake effect on energy production and fatigue loads of wind turbines has been studied 
considerably. The literature review found that there is a lack of study on how extreme wind 
conditions would affect the structural integrity of offshore wind turbine structures in large wind 
farms. Both steel towers and composite rotor blades are thin-walled structures susceptible to 
buckling when under extreme loads.    

5.4 Rules and guidelines  
The most recent class rules/guidelines/guides have only minor updates regarding the calcula-
tion of buckling and ultimate strength of offshore structures. Table 1 shows a list of rules/guide-
lines/standards from the various classes. Some highlights are summarized as follows: 

5.4.1 ISO 
In the current edition of ISO 19900, several updates have been made regarding the process for 
limit state verification. The procedures to validate the structure operations and its components 
with sufficient integrity have been clarified in the combination with provision for construction 
and operation with respect to all applicable design/assessment situations dependent on expo-
sure level. A new definition and grouping of ULS criteria have been established in order to 
address the strength and stability of structures and structural components to avoid collapse in 
whole or in part. ULS in the current edition can be divided into two groups, i.e., ULS1: action 
effect in individual structural components exceeding resistance (in some cases reduce by dete-
rioration), including loss of structural stability (e.g., buckling), and ULS2: loss of static equi-
librium of the structure, or critical part of the structure, considered as a rigid body (e.g: over-
turning, sinking, or capsizing). 

In addition, assessments of structural integrity management (SIM) of offshore structures with 
a quantitative method that uses explicit probabilities by ultimate strength method (USM) 
should be performed using static nonlinear analysis, dynamic nonlinear analysis and structural 
reliability analysis (ISO 19901-9: 2019). USM generally applies to structures where a static 
analysis adequately represents the structural response. For dynamically sensitive structures, 
dynamic, time domain, nonlinear analysis may be utilized. As for ISO 19901-3: 2015 no up-
dates have been made since January 2015. 

5.4.2 ABS 
There are only minor updates and an ABS new Guide for classing floating offshore wind tur-
bines (ABS FOWT). In general, buckling criteria is carried out by referring to the ABS Guide 
for Buckling and Ultimate Strength Assessment for Offshore structures (WSD or LRFD) or 
recognized standards (e.g: Buckling criteria API 2V and 2U). As a supplement to all ABS 
rules/guide of offshore structures ABS provide new Guidance Notes on Nonlinear Finite Ele-
ment Analysis (NLFEA) of Marine and Offshore Structures for cases that are not covered by 
the ABS Rules and Guides, or for those involving novel structural designs and loading situa-
tions where NLFEA may provide a better insight into the adequacy of a proposed design. These 
Guidance Notes address the main technical aspects of using NLFEA and provide the best prac-
tices and general recommendations for achieving more reliable results when analyzing yielding 
and plastic deformations, buckling, ductile static fracture, etc. 

5.4.3 LR 
Buckling check in local structure is carried out using a prescriptive formula, for plate element, 
there is a table for the selection coefficients of buckling factors and reduction factors which 
depending on the configuration of the load direction and distribution, boundary conditions and 
structural geometry [LR 2020]. The buckling criteria only takes into account the effect of hull 
girder compressive stresses whereas the effects of other membrane stresses and lateral stresses 
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were ignored. In other structures buckling check is carried out in plate, stiffener and primary 
member subject to compression and shear stress. For primary members there is a correction for 
elastic critical buckling exceeding 50% of yield strength material [LR 2020].  

Table 1: Classification Society Rules for Offshore Structural Strength 
Class/Standard Rules, Guide, or Guidance Edition  
ISO ISO 19900 – General requirements for Offshore structures 

ISO 19901-3 – Specific requirements for offshore 
structures – Part 3: Topside Structures 
ISO 19901-3 – Specific requirements for offshore 
structures – Part 9: Structural Integrity Management  

July 2019 
 
January 2015 
 
September 2019 

ABS Rules for Building and Classing Floating Production 
Installations (FPI) 
Guide for Building and Classing Floating Offshore 
Liquefied Gas Terminals (FLGT) 
Guide for Buckling and Ultimate Strength Assessment for 
Offshore Structures 
Guide for Buckling and Ultimate Strength Assessment for 
Offshore Structures (LRFD) 
Guide for Building and Classing Floating Offshore Wind 
Turbines (FOWT) 
Guidance Notes on Nonlinear Finite Element Analysis of 
Marine and Offshore Structures 

January 2021 
 
August 2018 
 
August 2018 
 
July 2016 
 
July 2020 
 
January 2021 
 

LR Rules and Regulations for the Classification of Offshore 
Units 

July 2020 

DNV GL DNVGL-RP-0286, Coupled analysis of floating wind 
turbines 
DNVGL-OS-C101, Design of offshore steel structures, 
general - LRFD method 
DNVGL-OS-C102, Structural design of offshore ship-
shaped units 
DNVGL-OS-C103, Structural design of column stabilized 
units - LRFD method 
DNVGL-OS-C104, Structural design of self-elevating 
units - LRFD method 
DNVGL-OS-C105, Structural design of TLPs - LRFD 
method 
DNVGL-OS-C106, Structural design of deep draught 
floating units - LRFD method 
DNVGL-OS-C201, Structural design of offshore units - 
WSD method 
DNVGL-RP-C208, Determination of Structural Capacity 
by Non-Linear Finite Element Analysis Methods 

May 2019 
 
July 2019 
 
July 2020 
 
July 2020 
 
July 2019 
 
July 2015 
 
July 2015 
 
July 2017 
 
 
September 2019 

RINA Rules for the classification of floating offshore units at 
fixed locations and mobile offshore drilling units (MODU, 
FPSO, FSO, FSRU, FLNG) 
Rules for the Classification of Steel Fixed Offshore 
Platforms (Fixed Platform) 

January 2020 
 
 
August 2015 

BV Rules for Classification of Offshore Unit 
Classification of column stabilized units 
Rules for the classification of self-elevating units - jack-ups 
and lftboats 
Rules for the classification of tension leg platforms (TLP) 
Classification and certification of floating offshore wind 
turbines 
Classification of floating gas units 

February 2019 
December 2016 
December 2016 
 
July 2012 
January 2019 
 
May 2019 
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5.4.4 DNVGL 
The hull girder's ultimate strength for ship shape offshore units/installations is assessed using 
the same procedure with HCSR Rules. Buckling calculation used Net scantlings concept and 
action stresses are generated from direct strength analysis. DNVGL specifies allowable buck-
ling utilization factors for different design load scenarios. As for other structures (self-elevat-
ing, TLP, deep draught floating unit and etc.) buckling checks are provided in both load re-
sistance factor design (LRFD) and the working stress design (WSD) format [DNVGL OS C101 
2019, DNVGL OS C201 2017]. Structural analysis may be carried out as linear elastic, simpli-
fied rigid-plastic, or elastic-plastic analyses. Either first-order or second-order analyses may be 
applied. In all cases, the structural detailing with respect to strength and ductility requirement 
shall conform to the assumption made for the analysis. As a supplement of other ship or off-
shore structures rules, DNVGL provides design buckling and ultimate strength for various 
structure members such as plate, shell, bars and framework, spherical shells, tubular members, 
etc. in DNVGL RP C202 and DNVGL CG 0128.  

DNVGL provides new recommended practice for coupled analysis of floating wind turbines 
related to extreme loads (ultimate limit state) that are generated primarily by extreme environ-
mental impacts e.g. storm events with a recurrence period of 50 years. Furthermore, system 
failures such as loss of power or braking failures (e.g. due to rotor over speed) typically gener-
ate extreme loads similar to bottom fixed wind turbines. For FOWT unfavorable combinations 
of wind and wave (wind-wave misalignment) and oscillation effects enabled by the additional 
dynamics of the station keeping system (e.g. ringing) are additionally critical [DNVGL RP 
0286]. 

5.4.5 RINA and BV 
For stiffened panels, buckling checks at BV are carried out with NI 615 "Bending Assessment 
of Plate Structures" while RINA is carried out in accordance with the Rules for the Classifica-
tion of Floating Offshore Units at Fixed Locations and Mobile Offshore Drilling Units. The 
buckling of tubular members is to be checked according to recognized codes or standards. Fur-
thermore, Limit design in fixed platform structural components is carried out using an ISO 
Standard or other recognized standard by verified methods. 

BV NI 572 provides guidance notes for classification and certification of offshore wind tur-
bines which structural strength assessment included design ULS using safety factors that are 
determined independently in the Guide. However, buckling for tubular members is checked 
according to a recognized standard. 

6. BENCHMARK STUDY 
Many approaches and numerical simulation methods for ultimate strength analysis of stiffened 
plate structures have been presented in the literature including closed-form equations, fast-run-
ning Smith’s Method progressive collapse codes, and finite element analysis (FEA). These 
approaches are usually supported by validation examples from various experimental investiga-
tions on plates, panels, and large grillages. Often, the methods are tied together so that FEA is 
used to generate load-shortening curves for fast-running codes which can in turn be run to 
generate closed-form equations. Paik and Kim (2002) presented a benchmark study where for-
mulas for combined axial loading, in-plane bending, and lateral pressure were compared. The 
collapse modes of a stiffened plate were divided into six groups: overall collapse of the stiff-
ened plate structures, yielding at the corners of the plating between stiffeners, yielding of the 
plate-stiffener combination at the mid-span, local buckling of the stiffener web, lateral-tor-
sional buckling (tripping) of the stiffener and gross yielding. The ultimate strength was defined 
as the lowest value among the various ultimate strengths calculated for each of the collapse 
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modes, a procedure that is now well established and is followed today. The validity of the 
developed method was confirmed in a comparison between experimental, numerical and theo-
retical results. In the study by Paik et al. (2011), a number of fast-running/practical computation 
codes for the ULS analysis of welded stiffened plate structures were compared against finite 
element analyses (FEA) and experiments. The conclusions from the study, carried out in the 
early 2000s, were that the versions of the practical codes used in the study showed relatively 
large differences compared to the experimental results. Driven by the need for more practical, 
computationally efficient and relatively accurate codes for ultimate strength analysis of stiff-
ened plate structures, these methods have been further developed by numerous scholars. A 
number of subsequent benchmark studies have demonstrated their reliability and good agree-
ment with experimental results for some standard types of stiffened plate structures; see, e.g., 
Paik et al. (2005) and Paik (2020b). 

Although several practical codes are available, such as the DNV-GL PULS, ALPS/ULSAP and 
ULTSTR codes, the FE method is extensively used because it is often assumed and expected 
that a properly built model in all its components and features can mimic the characteristics of 
a real structure. FE modeling is also required to properly establish assumptions in such codes 
as well as to conduct parametric studies and sensitivity studies on various factors that influence 
the ultimate strength, such as loading and boundary conditions, geometrical imperfections, re-
sidual stresses, temperature effects and aging caused by corrosion or the presence of a fatigue 
crack. However, there are sources of uncertainties related to physical characteristics, model 
assumptions and human errors by the analyst that affect the accuracy or inaccuracy of the FEA 
results. There are a vast number of publications in the literature that contribute to reducing 
these uncertainties; see, e.g., Smith and Dow (1981). 

This chapter presents a brief introduction to the benchmark study carried out by the committee. 
All details regarding the reference experiment, measurements, numerical models, and results 
are presented in the Appendix. 

6.1 Description of the benchmark study 
The overall purpose of the benchmark study presented by the committee was, with reference 
to the results from a reference experiment on a stiffened steel plate structure, to compare dif-
ferent class rules and guidelines, the participant’s skills and experiences, numerical approaches 
and simulation methods, in their “ability” to make trustworthy predictions of the buckling col-
lapse and ultimate strength of stiffened plate structures subjected to compressive loads. The 
influences from uncertainties in the modeling procedure, solver, material properties, geomet-
rical initial imperfections, residual stresses, assumptions made by the modeler/analyst, etc., are 
incorporated in the study and form the basis for discussions, conclusions and recommendations 
for stricter/well-defined guidelines for the ultimate strength analysis of stiffened plate struc-
tures. 

Seventeen groups participated worldwide: 9 of the groups were members of the committee, 
and 8 accepted an invitation that was sent to a larger group of experts outside the committee. 
The participants were invited to submit results from both FEA and/ practical codes; all submit-
ted results from FEA and only a few also submitted results from practical codes. A detailed 
presentation of the benchmark study, with emphasis on the description of the reference exper-
iment and the FEAs, is presented in Ringsberg et al. (2021). Thus, this chapter presents a shorter 
summary of the reference experiment and the FEAs since more details are referred to Ringsberg 
et al. (2021). Unpublished results from the practical codes, including a comparison with the 
reference experiment and FEAs, are also presented together with a discussion on material prop-
erties, constitutive material modeling, modeling of geometric imperfections, failure mode and 
location. 

D
ow

nloaded from
 http://onepetro.org/snam

eissc/proceedings-pdf/ISSC
22V1/1-ISSC

22V1/D
011S001R

006/3099106/snam
e-issc-2022-com

m
ittee-iii-1.pdf/1 by guest on 14 D

ecem
ber 2023



ISSC 2022 Committee III.1: Ultimate Strength 453 
 
 

 

Figure 27 presents the physical model in the reference experiment carried out on a large full-
scale steel grillage representative of a typical ship structure in warships and as secondary struc-
ture in larger ships. Design and testing of the grillage were performed by the US Navy’s Naval 
Surface Warfare Center, Carderock Division (NSWCCD). The grillage consisted of three full 
sections and two partial sections and was longitudinally stiffened by three identical stiffeners 
and a single large girder. The plating consisted of two plates of different thicknesses that were 
butt-welded in Section 3 according to Figure 27. The experiment was displacement-controlled 
with clamped longitudinal end conditions except for the one end where longitudinal loading 
was applied in the moving direction; tie-downs were mounted on the sides along the length of 
the model to prevent vertical motions. 

   

Figure 27: (Left) Geometry of the physical model (reference structure), and (right) a 
photograph of the experimental setup with the physical model installed in the testing 

machine. 

Model, physical and human error-related uncertainties that affect the prediction of the ultimate 
strength capacity and failure mode characteristics of the stiffened steel plate structure, com-
pared to the results from the experiment, were investigated by dividing the benchmark study 
into three phases; see Figure 28 for a schematic. The multiphase validation procedure was de-
fined to reflect the amount of information available from the early design of a new stiffened 
plate structure with limited confirmed or measured data (Phase 1) to a very detailed design 
where the majority of the information that defines the structure has been thoroughly measured 
(Phase 3). 

 
Figure 28: Schematic of the three phases of the benchmark study by multiphase  

validation of the reference structure. 

6.2 Description of the three phases 
The benchmark study was carried out as a blind study whereby participants did not have access 
to the test results from the experiment prior to the study. Results were not shared or discussed 
amongst participants prior to submission to the study coordinators. This ensured that each par-
ticipating group exhibited their best performance, making use of their own best practices and 
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preferred reference literature to design and build numerical models that should replicate the 
physical model test of the reference stiffened plate structure. The participants received the same 
information, instructions, data and files needed to carry out the modeling and analyses for each 
phase; all files can be found as public research data in Nahshon et al. (2021). To meet the ob-
jective of the study, the phases were carried out in sequential order, i.e., only the information 
and data needed to accomplish the purpose of each phase were made available. When a partic-
ipant had completed a phase, the results and the technical report were submitted to the coordi-
nators of the benchmark study, access was granted to the next phase, and more information and 
data were made available. Note that a participant was not allowed to revise or update the results 
from a former phase. Insights of errors from assumptions or modeling issues that led to a revi-
sion of the methodology or models between the phases were documented in the technical report 
from each phase. Hence, it was possible to trace and analyze human error-related uncertainties. 
In the following, a brief overview of each phase is presented (see Table 2). 

Table 2: Overview of the three phases and what was considered (green cells) in each phase. 

 
6.2.1 Phase 1 – nominal properties 
The participants predicted and assessed the ultimate strength capacity of the reference structure 
based on its nominal properties. Printed 2D drawings and a 3D CAD file of the nominal geom-
etry were shared together with a file that presented the nominal data and material selections for 
the different parts of the structure. A description of how the experiment was carried out was 
provided, including information on loading and boundary conditions. In this phase, it was 
stressed that each participant should clearly express their assumptions on how geometric im-
perfections were considered in the model and which reference, class rule or guideline was fol-
lowed. 

6.2.2 Phase 2 – nominal properties, actual properties, and measured geometrical 
imperfections 
The information shared in Phase 1 was complemented with new information from thorough 
laser scanning/tracking of the geometry of the as-built reference structure as well as thick-ness 
measurements in some locations of different parts of the structure (referred to as the “actual 
thickness”). The participants were asked to repeat their analysis from Phase 1 considering the 
measured geometrical imperfections, distortions and deflections of the as-built reference 
model. Phases 2-3 included material information in the form of vendor-supplied material cer-
tification sheets that typify the level of information that can be expected at a shipyard. The 
phase was divided into three subtasks and reports to enable thorough assessment of each fac-
tor’s influence on the results. 

• Phase 2-1: nominal material properties, nominal thickness, and measured geometrical 
imperfections. 

• Phase 2-2: nominal material properties, actual thickness, and measured geometrical im-
perfections. 
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• Phase 2-3: actual material properties, actual thickness, and measured geometrical im-
perfections. 

6.2.3 Phase 3 – actual properties, measured properties, and residual stresses 
In this final and third phase, the participants were provided with the remaining data available 
from measurements and testing including the exact thickness measurements made in many lo-
cations on the reference structure (referred to as the “measured thickness”) and tensile test 
results, including full stress-strain curves, for all structural members. The participants were 
asked to repeat their analyses from the former phases but with revised/updated models based 
on the new data. This phase was also divided into three subtasks where the first two phases 
(Phases 3-1 and 3-2) were mandatory. The third subtask was optional, an add-on that included 
modeling of the residual stresses. The decision to make this phase optional was primarily due 
to the lack of residual stress measurements on the reference structure. 

• Phase 3-1: actual material properties, measured thickness, and measured distortions and 
geometrical imperfections. 

• Phase 3-2: material modeled according to stress-strain curves, measured thickness, and 
measured distortions and geometrical imperfections. 

• Phase 3-3: material modeled according to stress-strain curves, measured thickness, 
measured distortions and geometrical imperfections, and (modeled) welding-induced 
residual stresses. 

6.3 Concluding remarks 
The present benchmark examined the ultimate limit state analysis of a realistic stiffened plate 
structure. Seventeen separate academic, industry, and government lab groups world-wide sub-
mitted FEA results, and a few results from fast-running codes, in three systematic phases, all 
conducted blindly to the experimental data. The various phases allowed the study organizers 
to isolate and discuss which data, modeling approaches and procedures have the greatest influ-
ence on the uncertainties in the prediction of the ultimate capacity level, failure mode and fail-
ure location of the reference structure. Overall, the objective of the study has been accom-
plished, and the statistics presented in Table A.6 (see the Appendix) show that the FEA results 
of Phases 3-2 and 3-3 are, on average, very close to the results from the test. If the level of 
accepted uncertainty of the ultimate capacity level would have been defined to be 5% prior to 
the start of the benchmark study, the majority of the participants’ FE models for Phase 3-2 
would be considered validated FE models (ID 2, 3, 5, 7, 8, 9, 10, 11, 12, 13, 15, 16, and 17). 
However, none of the FE models managed to predict the failure mode and location that oc-
curred in the physical test. This is not surprising given the concurrent nature of failure in two 
adjacent sections described further in the Appendix. 

As there was only a single reference experiment, it was not possible to quantify the uncertain-
ties related to the experimental setup and the measurements carried out during the test. There 
was good agreement between the FEA results and test results with regard to the ultimate ca-
pacity level, but the expected failure mode and location were not well predicted by the FEA. 
The fast-running codes showed less good agreement for this benchmark study’s structure: the 
ultimate capacity level was lower than the level predicted by the FEAs, and the failure mode 
and location were not well predicted compared to the test but in the same section as the FEAs. 
In the FEAs, prediction from ID 14 did identify failure that occurred in the adjacent section 
during Phase 3-3 despite the use of thicker plating in this region. Based on the documentation 
from the test of the reference structure and the analyses of all the results from the FEAs, it is 
difficult to conclude why the majority of the FE models and the fast-running codes could not 
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predict the correct failure mode and location. Possible reasons for this outcome include the 
inaccurate modeling of residual stresses, solver-specific and material modeling issues regard-
ing the transition from elastic to inelastic behavior (e.g., see Schafer et al. (2010)), and the 
assumption that the test fixture provides perfectly rigid boundaries. In addition, there are meas-
urement uncertainties related to material properties, imperfection levels etc. It is also likely that 
several failure modes are closely located and small variations in modeling assumptions may 
trigger different modes. The unsuccessful tracing of the force-displacement relationship at ul-
timate strength and in the post-collapse region for all participants is a strong indication that 
there are certain aspects of the tests that have not been sufficiently well captured. To address 
the statistical aspects of the benchmark, at least two more tests on a similar structure are needed 
to understand what cannot be captured by the majority of the FEA. Due to practical limitations, 
this could not be conducted in this research. 

The summary of the results from all the FEAs from Phase 3-2 – where the FE models were 
based on the measured material data, geometrical imperfections, distortions, and thicknesses 
of the structural components – shows very good agreement with the results from the test on the 
reference structure with regard to the ultimate capacity level. The results of twelve of the sev-
enteen FEAs were within 5% of the ultimate capacity level from the test. In total, the standard 
deviation of all the FEAs from Phase 3-2 was low. None of the FE models were able to predict 
the failure mode and location that occurred in the test. Hence, as mentioned above, it was con-
cluded that at least two more tests on the same type of structure and experimental setup are 
needed to conclude if this uncertainty is related to the experiment or to the FE models’ ability 
to mimic the experiment. 

In addition to the FEAs, four participants used different fast-running computation codes to 
determine the ultimate strength capacity of the stiffened plate structure. A general introduction 
to these computation codes is given in Appendix Chapter A.2. It is well known that these com-
putation codes are used in most cases in the design phase and can provide a reasonable estima-
tion of the ultimate capacity of the structure. In contrast to commercial finite element software, 
these approaches are easy to use and have low computational time and effort in terms of data 
pre-processing, processing, and post-processing.  

Comparing the results between the FEAs and the fast-running computation codes from Phase 
1, the Smith method using the load-shortening curve from the IACS/CSR-H predicts a higher 
ultimate capacity. The ULTSTR code predicts a capacity value close to the FEAs, while 
ALPS/SPINE and ALPS/ULSAP predict a lower ultimate capacity value, see Figure A.14 for 
the other phases. Note that this comparison is only valid for a plate subjected only to compres-
sion. When dealing with an entire ship’s cross-section where structural elements under vertical 
bending load are subjected to tension and compression, the comparison of the results between 
an FEA and a fast-running code may be different.  

Fast-running codes have great potential to improve the accuracy of ultimate strength calcula-
tion of a structure by defining the load-shortening curve accurately as a function of failure 
mode and allowing to include residual stresses, geometrical imperfections or local loads (lateral 
pressure) as input. Today, the FE method remains one of the most reliable approaches for ulti-
mate strength analysis. It is widely used by shipyards, design offices, and classification socie-
ties, to assess the ultimate strength of prototype ships and damaged structures. The present 
benchmark also indicated that the results from the fast-running codes were further off the test 
results for the current structure compared to the FEA.  

All the participants followed recommended practices and guidelines in the design of their FE 
models. However, attention should be paid to the choice of element and mesh size related to 
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the physical dimensions of the structure and its members, geometrical imperfections, material 
models and failure modes. These are fundamental issues in ultimate limit state analysis by FEA. 

Access to representative material data in the initial design/early prediction of a structure’s ul-
timate capacity was discussed. The FEA that was based on nominal material data for the refer-
ence structures largely underestimated the ultimate capacity level of the structure. However, 
the actual material data, which defined the elastic modulus, yield strength, ultimate strength 
and elongation, were necessary for reasonably accurate prediction of the ultimate capacity, but 
did not allow precise tracing of the force-deformation curve at ultimate strength and post-col-
lapse region. The access to specific stress-strain curves for each material did not alter the ulti-
mate capacity level, failure mode or location between the FEAs. 

The representations of the material in combination by the choice of constitutive material model 
(EP, BL or ML, see Table A.5) differed between the participants. These varieties were found 
to be the largest factor related to model uncertainty, and therefore, clearer recommendations 
and guidelines are needed to reduce the model uncertainty. It had less influence on the ultimate 
capacity level compared to the predictions made with respect to the failure modes and locations. 

Modeling of geometrical imperfections and distortions affects the ultimate capacity level, fail-
ure mode and location of failure. The modeling approaches and procedures used by the partic-
ipants varied moderately. The substitution of the assumed geometrical imperfections in Phase 
1 to the measured imperfections in Phase 2-1 only have a minor influence on the results from 
the FEAs. 

Welding-induced residual stresses were introduced in the FE models in Phase 3-3. The results 
from the FEAs showed that the nonlinear force-displacement curve from the test data was better 
replicated compared to when these residual stresses were disregarded in Phase 3-2. The intro-
duction of these residual stresses also changed the failure mode and location between the two 
phases. Hence, residual stresses should be included to realistically reproduce the ultimate ca-
pacity level, failure mode and location of failure in FEA. 

In retrospect, further efforts are needed to define what failure of a structural member means 
within FEA, which should be clarified better in existing recommendations and guidelines. Un-
like closed-form criteria, neither FEA nor test data readily provide a determination of when 
“failure” occurs. Strict objective criteria would aide greatly in the comparison of FEA predic-
tions of the ultimate strength. 

7. CONCLUSIONS AND RECOMMENDATIONS 
The committee presented a review of the published work relevant to the mandate and concluded 
an extensive benchmark exercise with researchers inside and outside the committee. Here we 
will summarize key findings by the committee and present recommendations for the commu-
nity to further improve understanding of ultimate strength of ship and offshore structures. 

7.1 Conclusions 
Chapter 2 focuses on the aspects that are fundamental to ultimate strength prediction to include 
modeling methodologies and associated uncertainties. The determination of the ultimate 
strength of ship and offshore structure is still highly affected by aleatory and epistemic uncer-
tainties. The quest for enhanced understanding of both is supported best by additional testing 
for data to support analysis of aleatory uncertainty and data for use in validation of predictive 
models. It is also important to establish methodologies enabling the ranking of uncertainties in 
computational modelling based on the sensitivity of the solution.  

In the Finite Element context, the solid elements can be considered as more accurate than shell 
elements, but with a significant computational cost. Hence, shell models still represent a widely 
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accepted compromise, but we must be well aware of the influence of these idealizations to the 
ultimate strength, and highlights the importance of experimentation for additional realism. 

The experimental work is still carried out in laboratory scale by using similarity rules especially 
at the hull girder, panel and component levels. Technologies like Digital Image Correlation are 
providing important advantages in the acquisition of data. Moreover, with the help of digital 
twins, we can keep up with the state of the structure (e.g. actual dimensions, distortions, dam-
ages) throughout the design, building and operational stages. 

As the failure progresses in the structure, the coupling between non-linear geometry, material 
and load redistribution can be highly complex and occur very rapidly. In this context, even 
quasi-static tests may lead to sudden catastrophic failure. The rapid interactions are currently 
at the limits or beyond current experimental and computational capabilities with these limita-
tions portrayed further in the Benchmark. 

For ultimate strength analysis, reduced order models are commonly used to reduce the com-
plexity of the problem in the design stage and accommodate limited information. In the last 
decade, there has been a continuous work in International Association of Classification Socie-
ties (IACS) to harmonize the rules for local buckling models. As a continuation, it has been 
decided that a harmonized buckling methodology should be further developed and imple-
mented into CSR and all relevant Unified Requirements Strength of Ships (URS) resolutions 
(IACS 2019, 2015a d, 2017). 

Lifecycle and degradation effects are addressed in Chapter 3 with a focus on carbon steel struc-
tural components and ship/hull form structures. Many of the studies involving Nonlinear FEA 
and reduced order models only considered the geometric imperfections induced by welding, as 
it has been suggested to be more influential to the strength capacity compared to the welding-
induced residual stresses, though not welding defects.  

Recent work considering inclusion of corrosion in strength modelling is addressed, along with 
other types of damage and material degradation, but this continues to be a developing and im-
portant area for research and practice. In particular, modeling of corrosion and other degrada-
tion remains important for further exploration. Increased availability of thickness measure-
ments and other degradation measures in an open database would allow advanced data analytics 
such as machine learning to facilitate a better damage prognosis. This will have profound im-
pact on developing optimized design/maintenance and full digital twin models.  The recogni-
tion and incorporation of uncertainties has started early in offshore industry from design stage 
to maintenance and repair. This is realized by adoption of risk and reliability methods to make 
rational decisions. Over the last three years, continuous advancement in researching the effect 
life cycle and degradation can be seen, focusing on corrosion, marine fouling and the capability 
of updating prediction models based on in-service data collection.  

Chapter 4 addresses ship-related structures and loads. For calculation of the wave loads, bound-
ary element method, CFD, and its derivatives are mainly employed to predict linear/nonlinear 
variations of the effective ship forces/moments. The future trend is likely to require isogeomet-
ric analysis-based fluid-structure interaction coupling for ultimate strength of ships floating in 
waves. Moreover, the stochastic nature of the environment must be statistically integrated in 
these numerical simulations for a more realistic load prediction. 

In addition, existing methods mainly consider material nonlinearity and large deformations for 
steel structures. Nevertheless, ultimate strength analysis of composite/aluminum hull is the fu-
ture trend. Furthermore, recent numerical methods for ultimate strength of ship’s structural 
elements are primarily based on FE simulation where stochastic optimization and uncertainty 
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quantifications is often disregarded, therefore more experimental-numerical comparison stud-
ies must be conducted towards future applications. 

Lastly, the local buckling is mainly assessed as the most fundamental limit/failure state through 
nonlinear FE analysis and related formulas are developed. Global nonlinear analyses are more 
challenging and tend to require reduced order models, but newer formulations may be consid-
ered/pursued (e.g., particle-based methods, peridynamics). All in all, it is observed that ultimate 
strength of ships continues being a challenging problem that require a timely and focused re-
search studies to be conducted in future by considering the main sections dedicated in the pre-
sent chapter. 

The literature review in Chapter 5 indicates that the research on the ultimate strength of off-
shore structures that operate in harsh environments such as extreme wind, thick ice, and exces-
sive hydrostatic pressure has been very active. Major findings include: 

• Rapid exploration of offshore wind energy, particularly in the typhoon- and hurricane-
prone regions, demands much more study in the ultimate strength of wind turbine struc-
tures. Although both steel towers and wind turbine blades are thin-walled structures 
that are susceptible to buckling under extreme load, the identified prevailing failure 
modes are yielding driven buckling of steel towers where weld joints are present and 
the buckling driven collapse of composite rotor blades. There is a need for more study 
on the ultimate strength of offshore wind turbines in a large wind farm where flow 
interaction exists due to the wake effect.   

• The studies on collapse pressure of flexible risers mostly focused on the effect of the 
geometric imperfections, while the studies on the effect of material stress hardening 
and residual stress are relatively rare, especially in terms of experimental investigation. 

• New or improved reinforcements of tubular joints have been proposed in recent years. 
The focus has been placed on global & local behaviors of tubular structures, especially 
under accidental load cases. In the meantime, considerable research efforts have been 
made to improve the accuracy of simplified analytical models or beam finite element 
formulation aiming at developing more efficient methods to be used at a design phase. 
It is expected that these works will facilitate efficient structural optimization toward a 
safer and stronger design of offshore structures. 

• Regarding design rules and standards, general applications of ultimate strength design 
for offshore structures in class society can be divided into ship-shaped or other types of 
installations. For the ship-shaped installation, almost every class society applies the 
same procedure as the HCSR or Unified Requirements Strength of Ships (URS). Mean-
while, for other types of installations, the use of recognized standards (ISO, API, 
NORSOK, etc.) is common by following acceptance procedures or safety factors that 
are determined independently in each class society.  

Their ultimate strength design is still a remaining challenge when offshore structures scale up 
continuously and are approaching and surpassing their seemingly impossible physical size 
limit. Disruptive technologies may be necessary to considerably improve the ultimate strength 
of offshore structures with much larger sizes and under more extreme loads in harsher environ-
ments. 

The benchmark study described in Chapter 6 and the Appendix examined the ultimate limit 
state analysis of a realistic stiffened plate structure. Seventeen separate academic, industry, and 
government lab groups worldwide submitted FEA results, and a few results from fast-running 
codes, in three systematic phases, all conducted blindly to the experimental data. Overall, the 
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objective of the study has been accomplished, and the statistics presented in Table A.6 (see the 
Appendix) show that the FEA results of Phases 3-2 and 3-3 are, on average very close to the 
results from the test. If the level of accepted uncertainty of the ultimate capacity level would 
have been defined to be 5% prior to the start of the benchmark study, the majority of the par-
ticipants’ FE models for Phase 3-2 would be considered validated FE models. However, none 
of the FE models managed to predict the failure mode and location that occurred in the physical 
test. This is not surprising given the concurrent nature of failure in two adjacent sections. 

As there was only a single reference experiment, it was not possible to quantify the uncertain-
ties related to the experimental setup and the measurements carried out during the test. There 
was good agreement between the FEA results and test results with regard to the ultimate ca-
pacity level, but the expected failure mode and location were not well predicted by the FEA. 
The fast-running codes showed less good agreement for this benchmark study’s structure: the 
ultimate capacity level was conservatively lower than the level predicted by the FEAs, and the 
failure mode and location were not well predicted compared to the test but in the same section 
as the FEAs. 

All the participants followed recommended practices and guidelines in the design of their FE 
models. However, attention should be paid to the choice of element and mesh size related to 
the physical dimensions of the structure and its members, geometrical imperfections, material 
models and failure modes.  

Access to representative material data in the initial design/early prediction of a structure’s ul-
timate capacity was discussed. The FEA that was based on nominal material data for the refer-
ence structures largely underestimated the ultimate capacity level of the structure. However, 
the actual material data, which defined the elastic modulus, yield strength, ultimate strength 
and elongation, were necessary for reasonably accurate prediction of the ultimate capacity, but 
did not allow precise tracing of the force-deformation curve at ultimate strength and post-col-
lapse region. The access to specific stress-strain curves for each material did not alter the ulti-
mate capacity level, failure mode or location between the FEAs. 

Modeling of geometrical imperfections and distortions affects the ultimate capacity level, fail-
ure mode and location of failure. The modeling approaches and procedures used by the partic-
ipants varied moderately. The substitution of the assumed geometrical imperfections in Phase 
1 to the measured imperfections in Phase 2-1 only have a minor influence on the results from 
the FEAs. 

Welding-induced residual stresses were introduced in the FE models in Phase 3-3. The results 
from the FEAs showed that the nonlinear force-displacement curve from the test data was better 
replicated compared to when these residual stresses were disregarded in Phase 3-2. The intro-
duction of these residual stresses also changed the failure mode and location between the two 
phases. Hence, residual stresses should be included to realistically reproduce the ultimate ca-
pacity level, failure mode and location of failure in FEA. 

7.2 Recommendations 
The following recommendations can be given for the future work: 

• When quantifying epistemic uncertanties in numerical modelling via 
experimental/numerical comparison, it is recommended to take into account more than 
just the ultimate strength value, but to consider in the validation also the failure modes 
and the overall collapse behavior. 

• Numerical predictions should support multiple failure modes and their interactions, 
while giving precise predictions of collapse and post-collapse behaviour of the 
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structural members and assemblies involved. Especially in the compression zone, the 
structural elements should be modelled in a level allowing for a proper 
buckling/collapse shape to be developed. 

• Shell elements currently represent a good modelling compromise, but as we look to the 
future, advances in computational power may lead to the development and use of larger 
scale models using solid elements. 

• Significant literature showed that simplifications in the shape (e.g. due to imperfections 
and corrosion) leads to significant loss of accuracy at local scale, rather than global. In 
such cases, the recent experiments showed that in the ultimate strength assessment 
highly localised stresses can act as failure initiation points for overall collapse. For this 
reason, efforts should be devoted to expand our knowledge about the effect of real 
corrosion wastage, as well as initial imperfections, also on the experimental side.  

• Further efforts are needed to define what failure of a structural member means within 
FEA, which should be clarified better in existing recommendations and guidelines. Un-
like closed-form criteria, neither FEA nor test data readily provide a determination of 
when “failure” occurs. Strict objective criteria would aide greatly in the comparison of 
FEA predictions of the ultimate strength. 

• Future research is needed to better predict/quantify the material degradation processes, 
especially when new materials are increasingly used for offshore construction; and to 
better incorporate the human element (from fabrication to operation) into the analysis. 

• While numerical approaches are fast developing, large scale experiments on damaged 
structures and new repair methods are vital for model validation and providing physical 
evidence. Considering the cost and implementation efforts of such experiments, they 
will benefit from using more realistic damage features, realistic service conditions and 
advanced testing technique such as full-field imaging. In addition, more understanding 
into why structures behave in certain ways and critically scrutinizing the scope of ap-
plications for newly proposed methods/formulas will be beneficial for academics and 
industry.  

• Many reduced order models are being proposed in the literature without a convenient 
means of comparison to other new or established models. The next committee should 
consider comparison of these models to determine their strenghs and weaknesses, 
preferably as part of a benchmark. 

• Typically, academic communities aim for the most accurate solutions, while in engi-
neering communities and in design, it is more common to be on the conservative side 
with a ‘good enough’ simplified solution (engineering accuracy). However, the appli-
cation of Ultimate Strength procedures is normally associated with extended modelling 
and use of advanced analysis methods. The application of the Ultimate Strength princi-
ples in design is encouraged in order to increase structural safety.  Ships and offshore 
structures are valuable assets to be operated for many years. The safety of these struc-
tures is of huge importance and safe design should not necessarily be limited by an 
assumption of excessive computational time and costs. A rational cost-benefit evalua-
tion should be considered to compare the short-term costs of applying advanced design 
methods vs. the long-term costs and benefits to the investment. In addition, continued 
management and maintenance of the numerical models during the life cycle is recom-
mended to inform Class approvals, operation, maintenance, repair, and life extension 
decision-making.  
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APPENDIX: BENCHMARK 
A.1 Description of the reference experiment 
The reference ultimate strength testing experiment was performed utilizing a newly fabricated 
tee-stiffened plate steel structure (hereafter referred to as the “structure”). The structure was 
designed by the NSWCCD and fabricated by the US Army’s Aberdeen Test Center in accord-
ance with standard shipbuilding practices. Detailed surveys of the as-built structure were con-
ducted prior to testing, including laser scanning/tracking, ultrasonic thickness measurements, 
and tensile tests of the material coupons. The test results consist of overall load and displace-
ment measurements, strain gauge data used to determine the failure sequence, and video data. 
Residual stress measurements were not conducted due to practical limitations in conducting 
these measurements. 

A.1.1 Description of the structure 
The structure was fabricated from ASTM A36 (2019) steel plate and rolled steel shapes. The 
overall length of the structure was 7315 mm and the width was 2438 mm. The longitudinal 
frame spacing was 1829 mm such that the structure consisted of three full sections and two 
partial sections. Longitudinal stiffening consisted of three identical 124.6 mm depth tee shapes 
prepared from AISC W1214 beams (Longitudinal A, C, D) and a single AISC W1219 I-T 
longitudinal girder (longitudinal B), all spaced 610 mm center-on-center. Transverse stiffeners 
consisted of tee shapes with a depth of 177.8 mm prepared from AISC W1017 I-T beams. All 
stiffeners fashioned from single beam to avoid any stiffener-to-stiffener welds and ensure con-
sistent properties from one stiffener to the next. Furthermore, all material for a given beam size 
was from a single heat to minimize material variability. Stiffener intersections were fabricated 
using a slotted construction method that avoids collars, with the exception of the large girder, 
which uses conventional collar details where it intersects transverse stiffeners.  

The plating consisted of two full-breadth strakes: 6.35 mm thick plating with a length of 3352 
mm and 7.94 mm thick plating with a length of 3962 mm, joined in the middle section by a 
transverse butt weld that spans the width of the panel. The structure was outfitted with side 
plates, transverse frame cap plates, and heavy end plates. The side plates and cap plates were 
9.53 mm thick except at the ends of the transverse stiffeners, where the plates were 19.05 mm 
thick. An array of holes was located on these pieces to facilitate the connection between the 
plate structure fixture and vertical tie-downs. The structure end plates were fabricated from a 
38.10 mm plate with a matrix of bolt holes to connect the fixture loading to the reaction ends. 
All welding was performed using 70S-1 welding wire through a pulsed gas metal arc welding 
(GMAW-P) process and visually inspected at the time of construction. A summary of the nom-
inal and actual properties of the stiffened plate structure and geometric imperfections is pro-
vided in Table A.1.  

The properties of the structure in Table A.1 show that the magnitudes of the imperfections in 
the structure exceed typical tolerance levels given in codes, e.g., the maximum out-of-plane 
plate amplitude corresponds to Ds/96 (see Figure A.1 for local plate amplitudes: 6.4 mm cor-
responds to 0.072tp, which is in-between the slight (0.0252tp) and average (0.12tp) levels 
defined by Smith et al. (1988)), the maximum side displacement corresponds to Df/219, while 
typical magnitudes of the imperfections, implemented in buckling strength requirements (see 
IACS (2020a, 2020b)), are Ds/200 and Df/1000 or Df/667; Df and Ds are the frame and stiffener 
spacings, respectively. The somewhat larger imperfections in the structure compared to IACS 
(2020a, 2020b) may be due to the high slenderness of the plates and stiffener webs. At one 
hand it is expected that the ultimate strength will be overpredicted if the smaller code-based 
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imperfections are used, on the other hand the actual imperfections shapes differ from the buck-
ling eigenmodes and could thus increase the strength if they push the deformation response 
into a higher eigenmode.  

 

Table A.1. Summary of the properties of the stiffened plate structure. 

Symbol Structural element Nominal Actual 
𝑡𝑝,𝑡ℎ𝑖𝑛 Thin plate thickness [mm] 6.35 6.45 
𝑡𝑝,𝑡ℎ𝑖𝑐𝑘 Thick side plate thickness [mm] 7.95 7.90 
ℎ𝑙 Longitudinal stiffener web height [mm] 124.61 118.85 
𝑡𝑤,𝑙 Longitudinal stiffener web thickness [mm] 5.08 5.28 
𝑏𝑓,𝑙 Longitudinal stiffener flange width [mm] 100.84 105.41 
𝑡𝑓,𝑙 Longitudinal stiffener flange thickness [mm] 5.72 4.75 
ℎ𝑔 Girder height [mm] 308.76 295.61 
𝑡𝑤,𝑔 Girder web thickness [mm] 5.97 5.84 
𝑏𝑓,𝑔 Girder flange width [mm] 101.73 103.20 
𝑡𝑓,𝑔 Girder flange thickness [mm] 8.89 8.81 
ℎ𝑇 Transverse stiffener height [mm] 177.80 169.88 
𝑡𝑤,𝑇 Transverse stiffener web thickness [mm] 6.10 5.94 
𝑏𝑓,𝑇 Transverse stiffener flange width [mm] 101.85 100.81 
𝑡𝑓,𝑇 Transverse stiffener flange thickness [mm] 8.38 8.76 
𝑡𝑆𝑃 Side plate thickness [mm] 9.53 9.83 

 Maximum out of plane, plate [mm]  13.92 
 Maximum side displacement, Longitudinal A [mm]  4.26 
 Maximum tilt, Longitudinal A [degrees]  2.2 
 Maximum side displacement, Longitudinal B [mm]  8.35 
 Maximum tilt, Longitudinal B [degrees]  1.3 
 Maximum side displacement, Longitudinal C [mm]  7.18 
 Maximum tilt, Longitudinal C [degrees]  2.8 
 Maximum side displacement, Longitudinal D [mm]  5.61 
 Maximum tilt, Longitudinal D [degrees]  1.9 

 

A.1.2 Material and geometric imperfection data 
Tensile testing was conducted on various structural components to establish material proper-
ties. All tests were conducted following ASTM E8 (2016) utilizing a 50.8 mm gauge length. 
Coupons were extracted in the rolling and transverse directions of both the thickness plates as 
well as in the rolling direction for stiffener and girder elements. A total of 24 coupons were 
tested with three repeat tests for each configuration, and full stress-strain curves were collected 
through peak loading. The results, presented in Table A.4, indicate that the material yield 
strength is significantly greater than the yield strength of 250 MPa specified in ASTM A36 
(2019) for all structural elements. Furthermore, the rolled shapes that were purchased met the 
specifications for both ASTM A36 (2019) and ASTM A992 (2020) with a higher minimum 
yield strength of 345 MPa. 

Measurements for the initial shape and thickness were obtained prior to testing using a combi-
nation of laser tracking on the stiffener edges, laser scanning of the plating, and caliper and 
ultrasonic thickness measurements. Out-of-plane plate distortions were established using a 
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best-fit plane of the plate data as shown in Figure A.1. Stiffener measurements were used to 
establish the rotation (distortion, stiffener tilt) from the plate plane, an example of which is 
shown in Figure A.2. A summary of imperfection data is provided in Table A.1. It is evident 
that out-of-plane plate distortions are moderate in Section 2 and 3 and low in Section 4. A 
similar trend exists in the measurements of stiffener tilt. However, the cuts at x = 1500 mm 
(Section 2) and at x = 6000 mm (Section 4) in Figure A.3 shows that local out-of-plane plate 
distortions are of hungry horse type and have their highest amplitudes in Section 4. 

 
Figure A.1: Results from plate out-of-plane measurements of the plate; the coordinate system 

is referred to Figure 27 (z = 0 at the bottom of the plate). 

 

Figure A.2: Stiffener tilt example angle: vertical lines represent the 
locations of the transverse frames. 

 

Figure A.3: Cuts at x = 1500 mm (Section 2) and at x = 6000 mm (Section 4) that present the 
local out-of-plane plate distortions which are of hungry horse type. 
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A.1.3 Test procedures, measurements and results 
Structural testing was conducted using NSWCCD’s Grillage Test Fixture (see Figure A.4). 
Longitudinal loads were applied through two rows of five 2.2 MN actuators located at one end 
of the fixture that are connected to a single heavy steel header onto which the plate structure is 
bolted. The structure was carefully shimmed prior to testing and strain gauges monitored to 
ensure that any eccentric loading was minimized, though loading eccentricity cannot be 
avoided when the neutral axis of the section shifts. Previous efforts have determined that the 
fixture compliance is 0.268 mm/MN, and the load-end shortening curves (hereafter referred to 
as force versus displacement curves) shown herein are corrected utilizing this value. 

  

Figure A.4: (Left) Test fixture of the stiffened plate structure and (right) detailed 
view of the tie-downs and connection to the structure. 

The boundary conditions were provided at the loading and fixed ends (see Figure 27). At these 
ends, all motion was fixed except for axial displacement at the loading end. Vertical motions 
along the long edges were restrained by a series of 27 tie-downs installed on each side of the 
structure at a spacing between 254 mm and 279.4 mm. The tie-towns, which consist of a 31.8 
mm diameter threaded rod that is screwed into a 63.5 mm outer diameter cylinder, were hand-
tightened prior to testing. 

The test procedure was performed as follows. First, two low load-level compressive cycles are 
performed to capture the linear response of the structure, consisting of loading the structure to 
1.1 MN (approximately 25% of the calculated anticipated peak load), unloading to zero load, 
and subsequently loading to 2.2 MN (approximately 50% of the calculated anticipated peak 
load) before again unloading the structure. After the completion of the compression cycles at 
25% and 50% of the anticipated peak load, an ultimate strength collapse run was performed in 
which the structure was compressed well into the post-buckling range. The test was terminated 
once the structure dropped to 70% of the peak load. 

A plot of the overall force-displacement behavior is shown in Figure A.5. The response for the 
two low load cycles of 25% and 50% is linear with no permanent set or change in structure 
compliance. The collapse run follows the same loading path as the low-load cycles with non-
linearity observed in the overall load-shortening curve above 3.34 MN. The peak ultimate load 
achieved during collapse loading was 6.59 MN. Structure compression was halted at 4.68 MN 
of compression, and the structure returned to zero load. 

The structure contains three full-length sections in which failure could occur. The primary fail-
ure zone occurred in Section 2, where the thicker plating was located, as seen in Figure 27. 
However, peak strength is observed in Section 3 and significant post-peak nonlinear response 
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occurs in Section 4. The closely spaced buckling modes suggest that minor differences in ge-
ometry, material properties, or residual stresses drive failure to Section 2 despite the thicker 
plating.  

The dominant failure modes in Section 2 appear to be tripping of the girder and local flange 
buckling of the longitudinal stiffeners. The failure sequence during the collapse cycle in Sec-
tion 2, obtained through a combination of video and strain gauge analysis, is as follows. First, 
the plating between the stiffeners starts to buckle downwards elastically, increasing compres-
sion in the longitudinal stiffener flanges during the increase in loading from approximately 0.9 
to 4.5 MN. Tripping, or lateral-torsional buckling, of the longitudinal girder initiates at a load 
of approximately 4.5 MN. Finally, local flange buckling of the remaining stiffeners along with 
column-type buckling occurred, as seen in Figure A.6. A post-test view of the structure is 
shown in Figure A.7. 

 

Figure A.5: Force-displacement curve of the stiffened plate structure. 
The displacements are corrected for machine compliance.  

Section 3, where the plate weld and thickness transition are located, behaves in a similar man-
ner to Section 2. Analysis of strain gauge data indicates that peak load has been attained and 
that significant inelasticity is present and it is noted that several strain gauges failed due to 
excessive strains. In Section 4, where the plating is thin but distortions are noticeably lower 
(see Figure A.1 and A.2), plastic deformation is not visibly observed. The response of the stiff-
eners appears to be linear, though nonlinear behavior of the plating is observed.  
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Figure A.6: View of the final deformed structure shape in Section 2 illustrating the plate 
buckling, stiffener buckling, and girder tripping buckling modes. 

 

Figure A.7: (Left) Views of the structure at a peak load of 6.59 MN and 
(right) at a load of 6.25 MN after reaching the peak load. 

A.2 Finite element models and analyses 
A.2.1 Geometry, boundary conditions and FE models 
The participants of the benchmark study created their FE model using either 2D drawings or 
the 3D CAD file, both of which were provided by NSWCCD in Phase 1. The geometry of the 
FE model includes all the longitudinal stiffeners, the longitudinal girder, the transverse girders, 
transverse end caps, side plates and end plates. The dimensions of the stiffened plate structure 
are presented in Table A.1. 

The end plates were included in the FE model by most participants. Six participants disregarded 
the end plates, and they were reproduced by applying fixed boundary conditions. Additionally, 
the scallop holes and collar plates in the longitudinal girder were treated differently in the FE 
model by the participants. Some participants included the scallop holes in the model while 
others ignored them. The geometry of the structure was modeled by all the participants by using 
either 4-noded or 8-noded shell elements (reduced or fully integrated) with five, seven or eleven 
integration points through the thickness. Figure A.8 shows an example of an FE model and the 
mesh density used for the benchmark study. 

  

Figure A.8: (Left) Example of an FE model of the test structure and 
(right) close-up view of an example of the mesh density. 

The recommended practice in DNV GL (2020) for obtaining the structural capacity by nonlin-
ear FEA methods prescribes a mesh density of (minimum) 3 to 6 first order elements per ex-
pected half-buckling scenario to capture all the relevant buckling deformations and localized 
plastic collapse behavior in the structure. The mesh density of the reference structure corre-
sponds to a mesh size between 50 and 100 mm. Half of the participants performed mesh sen-
sitivity analyses to find the optimal element size. After the sensitivity test, each participant 
found an optimal mesh size between 12.512.5 mm and 5050 mm, which fulfils the mesh size 
requirement given in recommended practices. The other half of the participants relied on their 
own knowledge and experience in this field and chose to use a mesh size between 2525 mm 
and 5670 mm for their analyses without performing any mesh sensitivity studies. Table A.2 
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presents a summary of the participants’ different FE model definitions and parameters; the 
mesh size used by each participant can be found in Table A.2. The total DOFs in the FE models 
used in the benchmark study varied between 63,000 and 1,000,000. 
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Table A.2. Summary of the participants’ FE model definitions and parameters. 

ID FE 
software Solver Solution 

control 
Solution 
method* 

Type of 
shell element 

No. of 
integrations 
points on 
element 
plane 

No. of 
integration 
points 
through 
element 
thickness 

Mesh size 
[mm] 

Number 
of DOF 

1 Abaqus 
2018 Implicit Static Modified 

Riks method S4R 1 5 2525 358745 

2 LS-DYNA 
R712 Implicit Static Nonlinear 

static Type 16 4 5 2525 335814 

3 ADINA-
AUI 9.4.2 Implicit Static 

Iterative 
incremental 
scheme 

Plate A, 4 node 4 6 5670 100506 

4 Abaqus 
6.13-6 Implicit Static Modified 

Riks method S4R and S3 1 5 3030 265512 

5 Abaqus 
6.14-2 Implicit Static Modified 

Riks method S4R 1 5 2525 338142 

6 LS-DYNA 
R712 Explicit Dynamic Dynamic 

explicit Type 2 1 7 4040 135156 

7 Abaqus 
6.14 Implicit Static Modified 

Riks method S4R 1 11 5050 123144 

8 Abaqus 
6.16-1 Implicit Static Modified 

Riks method S4R and S3 1 5 12.512.5 1026305 

9 MSC Marc 
2017 Implicit Static 

Static arc 
length 
method 

Type 75 4 11 3030 116000 

10 Abaqus 
6.11-1 Explicit Dynamic Dynamic 

explicit S4R 1 5 3030 245994 

11 Abaqus 
2017 Implicit Static Modified 

Riks method S4R 1 5 2525 308269 

12 LS-DYNA 
R10 Explicit Dynamic Dynamic 

explicit Type 16 4 5 5050 130934 

13 MSC Marc 
2017 Implicit Static 

Static arc 
length 
method 

Type 75 4 5 2020 474382 

14 Abaqus 
2017 Implicit Static Modified 

Riks method S4R 1 5 4040 135000 

15 Ansys 18.2 Implicit Static Riks method Type 181 1 5 4040 107103 

16 Abaqus 
6.12 Implicit Static Modified 

Riks method S4R 1 5 25.430.5 63360 

17 Abaqus 
2016 Implicit Dynamic 

Implicit 
dynamic 
with quasi-
static 
settings 

S8R 2 5 3030 645000 

* See Abaqus (2021) for the “Modified Riks method”. 
 

The applied boundary conditions in the FE model need to closely represent the reference ex-
periment. All participants used the same boundary conditions as those described in Section 
A.1.3 in their models. The motion and rotation of both structure ends are fixed except for axial 
displacement at the loading end. The vertical displacement was constrained at the side plates 
to simulate the 27 tie-downs installed on each side of the structure. An axial displacement 
(longitudinal compression) was incrementally applied on the loading end (displacement con-
trol) to the point of post collapse of the structure. It should be noted that the two initial com-
pressive load cycles performed in the physical experiment to capture the linear response of the 
structure (see Figure A.5) were not included in the FEA by the participants. The physical ex-
periment was carried out at a slow loading rate so that dynamic effects were not important and 
buckling was well controlled; therefore, the majority of the FEAs were carried out as static 
analyses. 

A.2.2 Initial geometric imperfections 
Phase 1 of the benchmark study started without any information regarding geometric imper-
fections. Most of the participants, however, modeled initial imperfections in their FE models 
using different assumptions and procedures. In accordance with the recommendations given by 
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classification societies or in the literature, most of the FEAs were performed with initial de-
flection shapes based on eigenmodes associated with the applied loads. The amplitude of the 
imperfections used in the analyses varies considerably between participants. The initial geo-
metrical imperfections were applied on the plates, the longitudinal stiffeners and the longitudi-
nal girder. No initial imperfections were applied to the transverse frames. The maximum im-
perfection amplitudes on the different structural members are presented in Table A.3. In Phase 
2-1, the initial geometrical imperfections of the structure obtained by laser scanning were pro-
vided to all the participants. The measurement data were included in the FE model by all the 
participants in Phases 2 and 3 and are shown in Figures A.1 and A.2. 

From Table A.2, it can be noted that the plate amplitude assumed by the participants vary from 
zero to Ds/87, but more than 2/3 of the participants used approximately Ds/200 (i.e., 3 mm). 
For the stiffeners and girders, the amplitude varies from 0 to 0.05Df. Half of the participants 
adopted a value of approximately 0.001Df (i.e., 1.8 mm) or 0.0015Df (i.e., 2.7 mm). It is 
noted that scaling of one eigenmode to a desired level for the plate or the stiffer/girder may 
have yielded a small or large level for the amplitude of the other component, e.g., for ID 4 and 
12. It is also noted that the assumed imperfection levels are generally significantly smaller than 
the actual values measured, see Table A.1. 

Table A.3. Summary of the amplitude of the geometric imperfections 
applied in Phase 1 and the guidance/approach used in the model. 

ID 
Max. imperfection 

amplitude for the plate 
applied in Phase I [mm] 

Max. imperfection 
amplitude for the 

stiffener/girder applied in 
Phase I [mm] 

Guidance/approach used in the model 

1 3.05 1.82 Harmonic sinusoidal imperfections 
2 3.05 4.57 Harmonic sinusoidal imperfections 

3 3.20 1.80 Imperfections applied following the 
suggestions in the standards 

4 3.05 7.32 Imperfections based on the 1st eigen buckling 
mode 

5 1.73 2.74 Imperfections according to Smith et al. (1988) 
and DNV GL (2020) 

6 0.00 0.00 No local imperfections in Phase I 
7 3.05 1.82 Harmonic sinusoidal imperfections 
8 0.00 0.00 No local imperfections in Phase I 

9 3.05 1.82 Lateral initial deflection of the local and 
overall buckling mode in the plate 

10 0.00 0.00 No local imperfections in Phase I 
11 7.00 2.00 Imperfections according to Smith et al. (1992) 
12 3.00 9.10 Harmonic sinusoidal imperfections 

13 3.65 1.83 Maximum initial deflection based on the 
measurement of a real ship 

14 3.05 2.70 Harmonic sinusoidal imperfections 
15 3.05 2.74 Harmonic sinusoidal imperfections 

16 4.88 2.45 Imperfections applied according to Paik et al. 
(2012) and eigen mode analysis 

17 3.66 5.54 Harmonic imperfections according to Benson 
et al. (2009) 

 

A.2.3 Welding-induced residual stresses 
Typically, in ship and offshore structures, the welding-induced residual stresses are either ig-
nored or implicitly assumed when assessing the ultimate strength capacity, except in reduced 
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order models. This topic was not addressed at the outset of the benchmark study, and all FEAs 
were free of welding-induced residual stresses. After completion of Phase 3-2, however, the 
mismatch of the slope of the force-displacement between the FEA and the reference experiment 
was relatively large. Therefore, it was decided to investigate the effect of welding-induced re-
sidual stresses in Phase 3-3. These additional FEAs were essential to validate the experimental 
load-displacement curve from the NSWCCD reference experiment. Welding-induced residual 
stresses were included by the participants by using one of the following two approaches: 

• assuming a uniform tensile region in the heat-affected zone (HAZ) of all the fillet welds 
and a matching opposing compression zone in the remainder of the plate. 

• pre-stressing the structure through a thermal analysis in the HAZ and using the results 
as an initial condition for the collapse analysis. 
 

A.2.4 Constitutive material models 
The material data made available to the participants in the different phases is presented in Table 
A.4. “Nominal material” refers to material data as specified in ASTM A36 (2019), “Actual 
material” refers to the material specification provided by the supplier of the material of the 
reference structure, and “Measured material” refers to tensile testing undertaken of the materi-
als used in fabrication. “Measured material” data included full stress-strain curves for each 
structural member. 

The material was represented by different constitutive material models for each phase. These 
ranged from elastic-perfectly plastic, bilinear stress-strain curves with tangential module ET, or 
multilinear stress-strain curves. Table A.5 presents a summary of the constitutive material mod-
els used by each participant in each phase. Measured material data provided to participants 
during Phase 3-2 consisted of raw engineering stress-strain curves. FE software packages most 
typically require that data must be given by the true stress-strain curve instead of the engineer-
ing stress-strain curve and this step was left to participants and is a source of potential analyst 
error. An example of the measured engineering stress-strain curve for the structure plate is 
shown in Figure A.9 along with the corresponding true stress-strain curve. The true stress-strain 
curve was calculated based on engineering stress-strain data. An additional source of differ-
ences in material modeling is the manner in which participants accounted for either a yield 
plateau (Plate A, stiffeners, girder) or lack of a clearly defined yield point (Plate B). An exam-
ple for yield plateau of longitudinal B (girder web) is presented in Figure A.9 illustrating the 
need for simplifying assumptions regarding details of the yield plateau region. For the materials 
that showed a yield plateau, almost all participants consistently used the stress at which 0.2% 
plastic strain occurs as the plateau yield stress. In addition, as the provided stress-strain curves 
contained high-density data, most participants simplified the curve in their FE models with a 
multilinear (ML) stress-strain curve (see Table A.5). It should be noted that in Phase 3-2, all 
participants but one used more or less exactly the same definition of the plateau yield stress, 
plateau length and ML model after the plateau according to Figure A.9. The single participant 
used a bilinear model after the plateau instead of an ML model, which resulted in a lower 
ultimate capacity load compared to the other FEAs. Since the physical experiment was per-
formed on the reference structure at low speed, strain-rate effects were considered negligible, 
i.e., they were disregarded in the analyses. 
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Table A.4. Material properties used in the benchmark study; see the text for details. 
Material Structural member Young’s 

modulus 
[GPa] 

Yield 
strength 
[MPa] 

Ultimate 
strength 
[MPa] 

Elongation 
[%] 

Nominal 
material 
(Phases 
1, 2-1 and 
2-2) 

W1214 200 250 400 20 
W1219 – web 200 250 400 20 
W1219 – flange 200 250 400 20 
Thick plate 200 250 400 20 
Thin plate 200 250 400 20 
Frames (W1017) 200 250 400 20 
Side plate 200 250 400 20 

Actual 
material 
(Phases 
2-3 and 
3-1) 

W1214 – web and flange 200 383 474 21 
W1219 – web 200 399 478 27 
W1219 – flange 200 399 478 27 
Thick plate 200 352 476 33 
Thin plate 200 326 453 33 
Frames (W1017) 200 401 509 25 
Side plate 200 345 (n.a.) (n.a.) 

Measured 
material 
(Phases 
3-2 and 
3-3) 

W1214 – web and flange 215 394 464 35 
W1219 – web 211 387 466 35 
W1219 – flange 195 379 466 36 
Thick plate, rolling direction 220 339 461 37 
Thick plate, transverse direction 220 333 456 35 
Thin plate, rolling direction 222 316 459 35 
Thin plate, transverse direction 218 334 465 34 
Frames (W1017) (n.a.) (n.a.) (n.a.) (n.a.) 
Side plate 243* 343 487 37 

* This is a value estimated by the majority of the participants from the provided data, but it is unrealistically high. 
The majority used this value, but some participants reduced it to 210 GPa. A comparison of the results between 
participants showed that either choice of this value for the side plate did not influence the results from this 
benchmark study. 

Table A.5. Summary of the participants’ choice of constitutive material in each phase: 
EP = elastic-perfectly plastic; BL = bilinear stress-strain curve with tangential 

modulus ET; ML = multilinear stress-strain curve. 
ID Phase 1 Phase 2-1 Phase-2-2 Phase 2-3 Phase 3-1 Phase 3-2 Phase 3-3 
1 ML ML ML ML ML ML ML 
2 BL BL BL BL BL ML ML 
3 BL BL BL BL BL ML (n.a.) 
4 ML ML ML ML ML ML (n.a.) 
5 BL ML ML ML ML ML ML 
6 ML ML ML ML ML ML ML 
7 BL BL BL BL BL ML (n.a.) 
8 BL BL BL BL BL ML ML 
9 BL BL BL BL BL ML (n.a.) 
10 EP EP EP EP EP ML (n.a.) 
11 EP EP EP EP EP ML (n.a.) 
12 BL BL BL BL BL ML ML 
13 EP EP EP EP EP ML ML 
14 ML ML ML ML ML ML ML 
15 EP EP EP EP EP ML ML 
16 BL BL BL BL ML ML ML 
17 EP ML ML ML ML ML ML 
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Figure A.9: (Left) Example of the stress-strain curve for Plate A (5/16): engineering, 
true and FEA stress-strain curves, and (right) example of modeling the 

yield plateau of longitudinal B (girder web). 

A.2.5 Solver and solution control 
The FE software programs used by the participants to perform the ultimate strength assessment 
according to the benchmark study include Abaqus (2021), ADINA (2021), Ansys (2021), LS-
DYNA (2021) and MSC Marc (2021); see Table A.2. All the details of these commercial pro-
grams can be found in the corresponding references. The tests were conducted at a low speed; 
therefore, the dynamic effects in the FEA should be ignored. The most common FE method 
used by the participants was a nonlinear implicit solver. Fourteen participants used an implicit 
equation solver for their FE analyses (see Table A.2). Three participants used an explicit FE 
solver as implemented in the commercial programs Abaqus and LS-DYNA. 

A.3 Fast-running/practical computation codes for the ULS analysis 
Four fast-running/practical computation codes were used for comparison against the FEA and 
the test results: Smith’s method described in IACS (2019), ALPS/SPINE (2019), ALPS/UL-
SAP (2019), and the ULTSTR code developed by Adamchak (1984). The input parameters to 
the codes and the models were in accordance with the procedure and description presented 
earlier.  

A.3.1 Smith’s method in IACS (2019): Phase 1 
The incremental iterative method described in IACS (2019) in Pt1, Ch5, App2 is an analytical 
method where the ultimate strength of a ship structure is calculated between two adjacent 
frames. It was applied to calculate the ultimate capacity of the reference structure in Phase 1. 
In Smith’s method, an interframe collapse is assumed, and the transverse sections are assumed 
to remain plane. In a calculation, the transverse section is divided into units (i.e., parts) of the 
structure so-called “elements” (stiffener element, stiffened plate element and hard corner ele-
ment) whose structural behavior is calculated independently and expressed by load-end short-
ening curves. With these curves, the bending moment acting on the structure is calculated in 
an iterative procedure where the curvature is incremented, and the neutral axis is updated ac-
cording to the stress distribution in the structure. In this benchmark study, no iteration was 
necessary because the applied load was a compressive load. 

The part of the reference structure where the cross-section had the thinnest plate thickness was 
chosen for the determination of the ultimate capacity since it was assumed/expected to happen 
there. The material was modelled as elastic-perfectly plastic with properties according to Table 
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A.4. The cross-section was divided into six elements and the load-end shortening curves were 
determined for each element. The curve for the entire cross-section was obtained by a summa-
tion of each element’s contribution to the resultant curve by consideration of their respective 
cross-section areas. 

A.3.2 ALPS/SPINE and ALPS/ULSAP: Phases 1 to 3-3 
The incremental Galerkin method (IGM) developed by Paik et al. (2001) and Paik and Lee 
(2005a) is a semi-analytical method for computing the elastic-plastic large-deflection behavior 
of steel or aluminum plates and stiffened panels up to their ULS. This method is designed to 
accommodate the geometric nonlinearity associated with buckling via an analytical procedure, 
whereas a numerical procedure accounts for the material nonlinearity associated with plasticity 
(Paik 2018). The method is unique in its use to analytically formulate the incremental forms of 
nonlinear governing differential equations for elastic large-deflection plate theory, although 
local stiffener web buckling or tripping of stiffeners is not dealt with. After solving these in-
cremental governing differential equations using the Galerkin approach (Fletcher 1984), a set 
of easily solved linear first-order simultaneous equations for the unknowns is obtained, which 
facilitates a reduction in the computational effort. 

It is normally difficult, but not impossible, to formulate the nonlinear governing differential 
equations to represent both geometric and material nonlinearities for plates and stiffened pan-
els. A major source of difficulty is that an analytical treatment of plasticity which increases 
with the applied load is quite cumbersome. An easier alternative is to deal with the progress of 
the plasticity numerically. The benefits of this method are to provide excellent solution accu-
racy with great savings in computational effort and to handle in the analysis the combined 
loading for all potential load components, including biaxial compression or tension, biaxial in-
plane bending, edge shear, and lateral pressure loads. The effects of initial imperfections in the 
form of initial deflection and welding-induced residual stresses are also considered. Details of 
the IGM theory and applied examples are presented in Paik (2018). The ALPS/ULSAP code 
calculates the ultimate strength of plate and stiffened panels together with the definition of 
collapse modes, which are grouped into six types: Mode I – overall collapse of plating and 
stiffeners as a unit; Mode II – plate collapse without distinct failure of stiffener; Mode III – 
beam-column collapse; Mode IV – collapse by local web buckling of stiffener; Mode V – col-
lapse by lateral-torsional buckling of stiffener; and Mode VI – gross yielding, as originally 
categorized by Paik and Thayamballi (2003a) and Paik (2018). The ALPS/SPINE code anal-
yses the elastic-plastic large deflection responses of plates and stiffened panels until the ulti-
mate strength is reached. The codes have been used to analyze the majority of the phases of the 
benchmark study; they have been validated against tests presented in several other studies, e.g., 
Hughes and Paik (2013), Lee and Paik (2020), and Paik (2018). 

One bay section of the physical test structure between the transverse frames was considered 
and all of the four edges were modelled as simply supported, kept straight while allowing to 
move in the plane. The material was modelled as elastic-perfectly plastic with properties ac-
cording to Table A.4, i.e., the strain-hardening effect was not considered. The section model 
had two versions: one with the thinner plate (Section 4) and one with the thicker plate (Section 
2). Initial deflections and residual stresses were represented as described in Paik (2018) for the 
phase analyses that allowed for these factors. It should be noted that the ALPS/SPINE code 
allows for different dimensions of support members at different locations, while the ALPS/UL-
SAP code assumes that all of the longitudinal stiffeners have the same dimensions with equal 
spacing between them. A benefit of ALPS/ULSAP and ALPS/SPINE is that panel collapse 
modes can be identified similar to nonlinear FEA. 
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A.3.3 The ULTSTR code: Phases 1 and 3-1 
The ULTSTR code is a Naval Surface Warfare Carderock Division developed tool for per-
forming structural analysis of ship cross-sections. ULTSTR discretizes a cross-section into var-
ious structural elements such as gross panel, curved plate, and hard corner elements and incre-
mentally increases either the curvature or the displacement. Every structural member type has 
a prescribed load-end shortening behavior based on the inputs provided and includes a stable 
linear regime, a plateau regime and an unloading regime. Gross panels, the primary element 
used to describe stiffened plating, can consist of either a single plate-beam combination or a 
number of plate-beam combinations to represent either a single or multiple stiffeners. ULTSTR 
considers inelastic flexural column buckling, lateral torsional (tripping) buckling, and overall 
grillage buckling. Plate buckling is incorporated using the effective width concept. Initial dis-
tortions and residual stresses can be included in a semi-empirical manner through modification 
of coefficients associated with the capacity of structural members. See Adamchak (1984), 
Bruchman et al. (2000) and Evans (1974) for further details.  

The ULTSTR analyses were performed for Phases 1 and 3-1 using the latest 2012 version of 
the ULTSTR code. Individual gross panels were created for each plate-beam set and hard cor-
ner elements used for the side plates. ULTSTR is based on the assumption of interframe buck-
ling and as such a load-end shortening curve cannot be readily generated for the entire grillage. 
Therefore, only frame-to-frame displacements and strains in the collapse bay are calculated but 
re-calculated to peak load values valid for all bays of the structure. 

Similar to the ALPS/SPINE and ULSAP/ULSAP models, one section of the physical model 
between the transverse frames was modelled in ULTSTR, and with two versions corresponding 
to thin and thick plating in Sections 2 and 4, respectively. The grillage was discretized using 
four gross panel elements, representing the stiffener and attached plating for longitudinal stiff-
eners, and hard corner elements to represent the side plates. The material was modelled as 
elastic-perfectly plastic with properties according to Table A.4, i.e., the strain-hardening effect 
was not considered. 

A.4 Results 
A.4.1 Force versus displacement curve, failure mode and location of failure 
Figure A.10 presents the force-displacement curves for selected phases together with the bar 
diagrams of the ultimate capacity; see Ringsberg et al. (2021) for the complete set of results 
for all phases. Overall, the numerical (FEA) predictions show relatively low scatter between 
the participants up to the ultimate load for each of the phases; note that analysis of the post-
buckling behavior and residual strength were not incorporated in the current study. Differences 
between the participants’ models and results are discussed in more detail later in this section. 

The Phase 1 ultimate capacity predictions using nominal material values and geometry uni-
formly underestimated values from the reference experiment. This was an expected outcome 
as use of nominal material properties introduces conservatism relative to the actual tensile and 
ultimate strength properties of the material. This underestimation is satisfactory or even desir-
able in the case of an initial design and maintaining a margin of safety from the perspective of 
a class rules and guidelines. 

Analysis of the results successive phases shows that the largest change in the ultimate capacity 
is between Phase 2-2 and Phase 2-3. The difference between these phases is due to the intro-
duction of the “actual material” properties instead of the “nominal material” properties. The 
FE models used in all phases except Phase 3-3 could not fully capture the nonlinear behavior 
seen in the test data curve even when the peak predicted strength was close to the experimental 
value. By introducing welding-induced residual stresses in the FE models in Phase 3-3, a better 
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match between the FEA and test data curves is obtained. Nevertheless, all predictions under-
estimated the displacement and slightly underestimated the ultimate capacity compared to the 
test result. This indicates that the compliance and strength of the reference structure was greater 
than in the submitted predictions. 

The results in Figure A.10 show that the force-displacement curves predicted by the partici-
pants in Phase 1 were generally softer than the test curve, but they were closer to the test curve 
in Phase 2-1 to 3-1. The access to true (measured) stress-strain data (Phase 3-2) and inclusion 
of welding-induced residual stresses (Phase 3-3) in the FE models gave less agreement with 
test curve. In all phases one or two participants had a substantially stiffer force-displacement 
curve than the majority of the participants. It is also interesting to observe that the participants 
that actually predicted a relatively good match of the stiffness behavior before Phase 3-2 when 
the true (measured) stress-strain data became available. 

    
Figure A.10 (a) Phase 1. 

     
Figure A.10 (b) Phase 2-3. 
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Figure A.10 (c) Phase 3-2.     

     
Figure A.10 (d) Phase 3-3. 

Figure A.10 (a)-(d): Force-displacement curves and bar plots of the ultimate capacity for 
Phase 1, Phase 2-3, Phase 3-2 and Phase 3-3. The solid line in the bar plots is the mean value 

from the FEA results, and the dashed line is the ultimate capacity from the reference 
experiment. 

The failure modes at the ultimate strength and corresponding locations predicted in Phases 1, 
2-3, 3-2 and 3-3 are presented in Figure A.11. Figure A.12 presents two examples from Phases 
2-3 and 3-3 from ID2 of the equivalent plastic strain distribution in Section 4 directly after the 
maximum load capacity is reached. The change in the failure modes and corresponding loca-
tions for the phases and for each participant are shown, and there is no consensus between 
them. Figure A.11 shows that although the participant’s analyses performed very well on av-
erage and had low scatter in the predicted ultimate capacity, the participants’ assumptions, 
modeling approaches and procedures affected the prediction of the failure mode and its location 
to a larger extent. The primary region of failure of the reference structure was in Section 2 and 
was governed by tripping of the girder, though post-buckling response is also observed in Sec-
tion 3. Note that none of the participants predicted the failure mode and location from the ref-
erence experiment. 
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Figure A.11: Failure modes and locations (identifies the section and which 
part of the structure) for Phase 1, Phase 2-3, Phase 3-2 and Phase 3-3. 
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Figure A.12: Example of equivalent plastic strain in Section 4 directly after the 
maximum load capacity was reached (deformed FE models, scale factor: 2): 

(left) Phase 2-3 and (right) Phase 3-3 from ID 2 FEA. 

A.4.2 Discussion on the FE models, modeling procedures and access to data 
A statistical analysis of the FEA results is presented in Table A.6 in terms of the mean value 
and the standard deviation of the ultimate capacity; see Figure A.13 for the bar diagram. The 
results show that the mean values for Phases 1 to 2-2 are relatively far from the test results, 
while the results from Phases 2-3 to 3-3 show good agreement with the test result. The magni-
tudes of the standard deviations are generally low. It can be seen that for Phases 2-3 to 3-3, the 
test result is within one standard deviation for Phases 2-3, 3-1 and 3-2 and just outside for Phase 
3-3. It was concluded that, despite the differences in the assumptions, modeling approaches 
and procedures, the participants of the benchmark study were able to satisfactorily predict the 
ultimate capacity of the reference structure. The following subchapters present more detailed 
discussions on the results related to the participants’ assumptions and modeling approaches. 

Table A.6. Statistical analysis of the results from the FEA of each phase:  
mean value and standard deviation of the ultimate capacity. 

Source – ultimate capacity Mean value [MN] Standard deviation [MN] Deviation [%] 
Reference experiment 6.59 (n.a.) (reference) 
Phase 1 4.93 0.14 -33.6 
Phase 2-1 4.87 0.12 -35.4 
Phase 2-2 4.94 0.21 -33.5 
Phase 2-3 6.40 0.22 -3.0 
Phase 3-1 6.35 0.23 -3.7 
Phase 3-2 6.37 0.24 -3.4 
Phase 3-3 6.22 0.24 -5.9 

 
A.4.3 Results from fast-running/practical computation codes 
The CPU time for the three codes was very short compared to the FEA, and thus their compu-
tations are very efficient. Figure A.14 presents a summary of the results from the four codes. 
The Smith method was only used to calculate the ultimate capacity while the other codes also 
indicated the failure mode. For all analysed phases, the ALPS/SPINE code indicated plate 
buckling of the thin plate in Section 4 as the collapse mode (as ALPS/SPINE does not deal 
with local stiffener web buckling or tripping of stiffeners) while the ALPS/ULSAP code indi-
cated failure of longitudinal B by tripping in Section 4. The ULTSTR code predicted plate 
failure of the thin plate in Section 4 for Phase 1 but failure of longitudinal B by tripping in 
Section 4 for Phase 3-3. It should be noted that these were the expected failure modes and 
locations based on former studies in e.g. Lee and Paik (2020). 
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Figure A.13: Bar diagram presenting the mean value and the standard deviation of 

the ultimate capacity for each phase. The dashed line represents the ultimate  
capacity from the reference experiment. 

 

 
Figure A.14: Results from analyses using the Smith method, the codes  

ALPS/SPINE, ALPS/ULSAP and ULTSTR. 

The ultimate capacity from the Phase 1 FEA showed a mean value of 4.93 MN (see Table A.6). 
The Smith method predicts a higher value, the ULTSTR code predicts a value close to the 
Phase 1 FEA result while ALPS/SPINE and ALPS/ULSAP predict a lower value. Similar to 
the observations made from the FEA results for Phases 2-1 and 2-2, the results from the 
ALPS/SPINE and ALPS/ULSAP codes do not change that much compared to Phase 1. 

The codes ALPS/SPINE, ALPS/ULSAP and ULTSTR follow the same trend as the FEAs 
where the results from Phase 2-3 to Phase 3-3 change significantly compared to the former 
phases. It verifies the importance also for these codes of having access to representative mate-
rial data for the material in the structure, thicknesses of the structural members, measured dis-
tortions, geometrical imperfections and inclusion of welding-induced residual stresses. It 
should be noted that the ultimate capacity predicted by the practical codes was relatively far 
off from the test result of the current reference experiment, and that the FEA seems to be more 
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accurate with regards to the level of the ultimate capacity. Neither the FEAs, nor these codes, 
could predict the failure mode that occurred in the test. 

A.4.4 FE models and modeling procedures (Phase 1 and 2-1) 
The FE models and results from Phase 1 served as a basis for the participants’ basic assump-
tions, modeling approaches and procedures. All participants used the same boundary conditions 
and nominal material data in the FE model, but the choice of the constitutive material model 
differed (see Table A.5). 

A detailed analysis and comparison of all the participant’s results from Phase 1 did not result 
in an identification of or correlation between any of the sources in Table A.2 that pinpointed 
why an ultimate capacity value that was too low or too high was predicted compared with the 
mean value from all the participants’ results. An analysis of the results shows that the different 
FE model definitions, with or without modeling the scallop holes and collar plates in the lon-
gitudinal girder, were not the reason for the different failure modes and locations. 

The geometric imperfections that were assumed and modeled in Phase 1 are presented in Table 
A.3. By comparing Tables A.2 and A.3, IDs with similar definitions in Table A.2 but with 
different geometric imperfections in Table A.3 were identified, such as IDs 1, 4, 5 and 16. 
Since the results from these IDs show different ultimate capacities, failure modes and locations, 
it was expected that the difference in how the geometric imperfections were modeled was the 
major factor behind for the differences in the results. However, the results from Phase 2-1, 
where all the participants used the same measured imperfections, ruled out geometric imper-
fections as the most important factor; the high plate slenderness of the reference structure sup-
pressed the influence of the geometric imperfections. This conclusion is further strengthened 
by the observation that the IDs 1, 3, 7 and 9 used the same imperfection levels, but got very 
different results. The results for the majority of the participants (except for IDs 3, 6, 7 and 12-
14) did not change significantly compared to the Phase 1 results. It is noted that ID 12, who 
used the largest stiffener/girder imperfection in Phase 1, got a substantial increase of the ulti-
mate capacity in Phase 2-1, while ID 4, who had the next but largest stiffener/girder imperfec-
tion (same plate imperfection) did not experience a similar increase. The statistics in Table A.6 
also show that the mean value of the ultimate capacity and the standard deviation for Phase 2-
1 are just slightly lower than those for Phase 1. However, the failure mode and location for 
some of the IDs changed between Phases 1 and 2-1, where the majority of them were predicted 
to occur in Section 4 in the reference structure; see Ringsberg et al. (2021) for more details. 

A comparison and analysis of the various constitutive material models (which included how 
the participants interpreted the material properties) used by the participants were performed. 
The choice of the material model for the nominal material in Phases 1 and 2-1 had a very large 
influence on the results. The trend is that participants who used a multilinear (ML) material 
model presented a lower ultimate capacity than the participants who use a bilinear (BL) or 
elastic-plastic (EP) material model. The difference between ML and BL results indicate that 
the finite post yield stiffness may be important compared to models using a yield plateau. This 
affirms that despite relatively clear rules and guidelines from various references, the variety of 
constitutive material models used in Phases 1 and 2-1 together with how the participants han-
dled the provided material properties in those models had the largest influence on the scatter in 
the results. 

A.4.5 Access to material data, thickness measurements and measured distortions 
The importance of having access to representative material data for the material in the structure 
subject to analysis is clearly seen by the FEA results from Phases 1 (nominal material data), 2-
3 (actual material data) and 3-2 (measured stress-strain curves). In this benchmark study, the 
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use of nominal data gave a misleading ultimate capacity for the reference structure compared 
to the test data, while the use of actual material data gave a much better prediction. The access 
to the stress-strain curves of the material did not affect the ultimate capacity level (see Table 
A.6). With regard to the failure mode and location, Figure A.11 shows that they do not change 
to a large extent between Phases 2-2 and 3-2, and the changes that are observed are related to 
the other factors introduced in Phases 2-3 and 3-1, i.e., the measured thickness and distortion. 

It should be highlighted that access to representative material data is important as well as how 
these data are used to represent the material in the FE model with a constitutive material model. 
The choice of constitutive material model was identified as the model uncertainty that had the 
largest influence on the predicted ultimate capacity levels and its standard deviation. It also 
remains unclear what the importance of assumptions regarding the presence of a yield plateau 
has on FEA results. For some of the material coupons, the 0.2% yield strength is nearly 8% 
below the peak stress prior to a yield plateau. 

One of the differences between Phases 2-3 and 3-1 is that measured thicknesses and distortions 
were added to the FE models in Phase 3-1. The possibility of a more accurate representation of 
these factors in the FE models did not result in a major change in the ultimate capacity (see 
Table A.6). Hence, for the reference structure in this benchmark study, the measured thick-
nesses and distortions (stiffener tilt angle) had a low influence on the overall results and the 
model uncertainty. 

A.4.6 Geometrical imperfections and welding-induced residual stresses 
Table A.3 presents the guideline/approach the participants used to model and include geomet-
rical imperfections in their FE models for Phase 1. In the Phase 2-1 FE models, the only change 
in the FE models compared with Phase 1 is that all the participants used the measured geomet-
rical imperfections. Figure A.15 presents the relative change (with Phase 1 as the reference) in 
ultimate capacity for Phase 2-1 based on the Phase 1 level. For the majority of the participants, 
the change was minor. This was presented in Table A.6 and Figure A.13, in which the ultimate 
capacity level and its standard deviation were slightly reduced; there were some changes in the 
predicted failure modes and locations (see Figure A.11). Overall, this indicates that if the goal 
of the FEA is to predict the ultimate capacity level, any of the guidelines/approaches presented 
in Table A.3 can be used. However, the present study cannot provide a clear conclusion which 
of the guidelines/approaches presented in Table A.3 as regards imperfections levels that shall 
be used. With regard to the failure mode and location, the results from this benchmark study 
cannot be used to make any recommendations or draw conclusions based on the FEA and test 
results. 
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Figure A.15: Change in the ultimate capacity (%) for Phase 2-1 
based on the level calculated for Phase 1. 

The force-displacement curves from the Phase 3-2 FEA did not capture the nonlinear charac-
teristics from the test data curve, i.e., the larger displacement at ultimate strength and more 
gradual change in the stiffness (see Figure A.10). In Phase 3-3, the majority of the participants 
included welding-induced residual stresses in their FE models. Table A.7 presents a summary 
of the residual stress level (longitudinal direction of the weld along longitudinals A to D) in the 
heat-affected zone (HAZ) and its width. 

The results from the Phase 3-3 FEA show that the introduction of residual stresses in the FE 
models gives better agreement with the nonlinear test data force-displacement curve. Figure 
A.16 presents the relative change (with Phase 3-2 as the reference) in ultimate capacity for 
Phase 3-3 based on the Phase 3-2 level. Note that the peak load of the ultimate capacity level 
is reduced on average by 2.2% compared to the Phase 3-2 results. Figure A.11 shows that the 
majority of the participants predicted a different failure mode and location compared with 
Phase 3-2. Hence, it appears to be beneficial and it is recommended to introduce welding-
induced residual stresses in an FE model according to a guideline or recommended practice 
even if their absolute levels or distributions have not been quantified by measurements. 

 

Figure A.16: Change in the ultimate capacity (%) for Phase 3-3 based on the level calculated 
for Phase 3-2. The dashed line represents the mean value. 
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Table A.7. Representation of welding-induced residual stresses in the FE models: HAZ 
residual stress level as percentage (%) of the yield stress and assumed width of the HAZ in 

the FE model (note: in the plate, it refers to both sides of a longitudinal).  

 Longitudinals A, C and D Longitudinal B (girder) 

ID 
Tensile 

residual stress 
[% of y] 

HAZ width in 
the plate [mm] 

HAZ width in 
the 

longitudinal 
[mm] 

Tensile 
residual stress 

[% of y] 

HAZ width in 
the plate [mm] 

HAZ width in 
the 

longitudinal 
[mm] 

1 68 60 50 68 60 50 
2 70 100 50 70 100 50 
5 100 100 24 100 100 43 
6 100 80 40 100 80 80 
8 100 34 12 100 82 50 
12 50 50 25 50 100 60 
13 100*/80** 41  100*/80** 41  
14 20 80 20 80 80 80 
15 100 34  100 34  
16 30 69 24 30 69 51 
17 75 50 50 75 50 50 

*thin plate; **thick plate 
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