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Abstract 

Extension of fatigue life in ship steel structural connections is commonly attained by interfering with 

the weldment or by affecting local parameters of the detail. In this study, structural details are 

approached macroscopically and a methodology is proposed that aims in minimizing the fatigue-induce 

stress values developed at hot spot locations in order to maximize the fatigue life of the detail studied. 

This is attained by developing and solving a structural optimization problem. The methodology is 

implemented into three separate ship structural details at a Bulk Carrier; the lower hopper knuckle 

connection, the lower side frame bracket toe and the side framing bracket to upper sloping connection 

of a Bulk Carrier. The steps of the methodology proposed include: (a) establishing of the direction of 

fatigue-induce stress component, (b) identification of the structural member(s) affecting this stress 

component, (c) setting up and solving a size optimization problem, and (d) setting up and solving a 

structural optimization problem. 

The proposed methodology is first implemented at the lower hopper knuckle connection of a Bulk 

Carrier. The methodology resulted in a two-objective structural optimization problem where the 

objective functions were the stress values at two  hot spot locations and the design variables were 

geometry characteristics of the detail. The solution of the optimization problem resulted in a 

differentiated configuration of the lower hopper knuckle connection, compared to the original 

configuration. The resulting fatigue life of the modified configuration is extended by 12.87 years. Next, 

the proposed methodology is applied at the lower side frame bracket toe. The methodology resulted in 

setting-up and solving a single-objective structural optimization problem which resulted in a 

differentiated end bracket configuration and in fatigue life extension of the detail by 13.37 years. 

Finally, the proposed methodology was implemented at the side framing bracket to upper sloping 

connection. The methodology resulted in a single objective size optimization problem which altered 

plate thickness parameters of the detail and extended the fatigue life of the detail by 10.83 years. 

The development and implementation of the proposed methodology has led to useful conclusions 

regarding the fatigue and strength characteristics of these specific details as well as details with similar 

configuration. 
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ɄŮɟɑɚɖɣɖ 
ȼ ŮˊɏəŰŬůɖ əɞˊɤŰɘəɐɠ ɕɤɐɠ ůŮ ɛŮŰŬɚɚɘəɏɠ ůɡɜŭɏůŮɘɠ Űɞɡ ˊɚɞɑɞɡ ůɡɜɐɗɤɠ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ŬɚɚɎɕɞɜŰŬɠ 

ˊŬɟŬɛɏŰɟɞɡɠ Űɖɠ ůɡɔəɧɚɚɖůɖɠ ɐ Űɞˊɘəɏɠ ˊŬɟŬɛɏŰɟɞɡɠ Űɖɠ ɚŮˊŰɞɛɏɟŮɘŬɠ. ɆŰɖɜ ˊŬɟɞɨůŬ ŭɘŬŰɟɘɓɐ, ɖ 

ŮˊɏəŰŬůɖ əɞˊɤŰɘəɐɠ ɕɤɐɠ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ŰɟɞˊɞˊɞɘɩɜŰŬɠ ˊŬɟŬɛɏŰɟɞɡɠ Űɖɠ ɚŮˊŰɞɛɏɟŮɘŬɠ ůŮ 

ɛŬəɟɞůəɞˊɘəɧ ŮˊɑˊŮŭɞ ŮˊɘɚɨɞɜŰŬɠ ɏɜŬ ˊɟɧɓɚɖɛŬ ɓŮɚŰɘůŰɞˊɞɑɖůɖɠ. ȼ ˊɟɞŰŮɘɜɧɛŮɜɖ ɛŮɗɞŭɞɚɞɔɑŬ 

ŮűŬɟɛɧɕŮŰŬɘ ůŮ ŰɟŮɘɠ ɚŮˊŰɞɛɏɟŮɘŮɠ ɛŮŰŬɚɚɘəɩɜ ůɡɜŭɏůŮɤɜ Ůɜɧɠ ˊɚɞɑɞɡ ɛŮŰŬűɞɟɎɠ ɢɨŭɖɜ űɞɟŰɑɞɡ: Űɖɜ 

əɎŰɤ ůɨɜŭŮůɖ Űɞɡ əŮəɚɘɛɏɜɞɡ ŮɚɎůɛŬŰɞɠ Űɖɠ əɎŰɤ ŭŮɝŬɛŮɜɐɠ-ŭɘˊɡɗɛɏɜɞɡ-ɏŭɟŬɠ, ůŰɞ əɎŰɤ ŰŮɚŮɑɤɛŬ 

Űɖɠ ůɨɜŭŮůɖɠ Űɞɡ ɜɞɛɏŬ ɛŮ Űɞ əɎŰɤ əŮəɚɘɛɏɜɞ ɏɚŬůɛŬ əŬɘ ůŰɖ ůɨɜŭŮůɖ Űɞɡ Ɏɜɤ ŰŮɚŮɘɩɛŬŰɞɠ Űɞɡ 

ɜɞɛɏŬ ɛŮ Űɞ ɏɚŬůɛŬ Űɖɠ Ɏɜɤ ŭŮɝŬɛŮɜɐɠ. TŬ ɓɐɛŬŰŬ Űɖɠ ˊɟɞŰŮɘɜɧɛŮɜɖɠ ɛŮɗɞŭɞɚɞɔɑŬɠ ůɡɜɞɣɑɕɞɜŰŬɘ 

ůŰŬ ŬəɧɚɞɡɗŬ: (Ŭ) Űɖɜ ŬɜŬɔɜɩɟɘůɖ Űɖɠ ŭɘŮɨɗɡɜůɖɠ Űɤɜ ŰɎůŮɤɜ ˊɞɡ ˊɟɞəŬɚɞɨɜ əɧˊɤůɖ ůŰɖɜ 

ɚŮˊŰɞɛɏɟŮɘŬ ˊɞɡ ɛŮɚŮŰɎŰŬɘ, (ɓ) Űɖɜ ŮɨɟŮůɖ Űɤɜ ŭɞɛɘəɩɜ ůŰɞɘɢŮɑɤɜ ˊɞɡ ŮˊɖɟŮɎɕɞɡɜ Űɖɜ Ŭɨɝɖůɖ 

əɞˊɤŰɘəɩɜ ŰɎůŮɤɜ ůŰŬ əɟɑůɘɛŬ ůɖɛŮɑŬ, (ɔ) Ŭɟɢɘəɐ Űɟɞˊɞˊɞɑɖůɖ ɧˊɞɡ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ 

ɓŮɚŰɘůŰɞˊɞɑɖůɖ Űɤɜ ˊŬɢɩɜ Űɤɜ ˊɟɞŬɜŬűŮɟɗɏɜŰɤɜ ůŰɞɘɢŮɑɤɜ, əŬɘ ůŮ ŮˊɧɛŮɜɞ ɓɐɛŬ (ŭ) Űɟɞˊɞˊɞɑɖůɖ, 

ɧˊɞɡ ɔɑɜŮŰŬɘ ɓŮɚŰɘůŰɞˊɞɑɖůɖ Űɤɜ ɔŮɤɛŮŰɟɘəɩɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ Űɤɜ ůŰɞɘɢŮɑɤɜ ɛŮ Űɖɜ ŬɜɎˊŰɡɝɖ Ůɜɧɠ 

ˊɟɞɓɚɐɛŬŰɞɠ ɓŮɚŰɘůŰɞˊɞɑɖůɖɠ ɔŮɤɛŮŰɟɑŬɠ.  

ȼ ɛŮɗɞŭɞɚɞɔɑŬ ŮűŬɟɛɧůŰɖəŮ ŬɟɢɘəɎ ůŰɖɜ ůɨɜŭŮůɖ Űɞɡ əŮəɚɘɛɏɜɞɡ ŮɚɎůɛŬŰɞɠ Űɖɠ əɎŰɤ ŭŮɝŬɛŮɜɐɠ-

ŭɘˊɡɗɛɏɜɞɡ-ɏŭɟŬɠ ɧˊɞɡ əŬŰɏɚɖɝŮ ůŮ ɏɜŬ ˊɞɚɡəɟɘŰɖɟɘŬəɧ ˊɟɧɓɚɖɛŬ ɓŮɚŰɘůŰɞˊɞɑɖůɖɠ Űɖɠ ŭɞɛɐɠ ɧˊɞɡ 

ɤɠ ŬɜŰɘəŮɘɛŮɜɘəɏɠ ůɡɜŬɟŰɐůŮɘɠ ŰɏɗɖəŬɜ ɞɘ ŮɚŬɢɘůŰɞˊɞɘɐůŮɘɠ Űɤɜ ŬɜŬˊŰɡůůɧɛŮɜɤɜ ŰɎůŮɤɜ ůŰŬ ŮɡˊŬɗɐ 

ůɖɛŮɑŬ Űɖɠ ɚŮˊŰɞɛɏɟŮɘŬɠ əŬɘ ɤɠ ˊŬɟɎɛŮŰɟɞɘ ůɢŮŭɘŬůɛɞɨ ŰɏɗɖəŬɜ ɔŮɤɛŮŰɟɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɖɠ. 

ȷˊɧ Űɖɜ Ůˊɑɚɡůɖ Űɞɡ ˊɟɞɓɚɐɛŬŰɞɠ ˊɟɞɏəɡɣŮ ɛɘŬ ŭɘŬűɞɟɞˊɞɘɖɛɏɜɖ ɔŮɤɛŮŰɟɑŬ Űɖɠ ůɡɔəŮəɟɘɛɏɜɖɠ 

ɚŮˊŰɞɛɏɟŮɘŬɠ ɧˊɞɡ ɖ əɞˊɤŰɘəɐ ɕɤɐ ɏɢŮɘ ŬɡɝɖɗŮɑ əŬŰɎ 12.87 ɢɟɧɜɘŬ. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ ůɨɜŭŮůɖɠ Űɞɡ 

əɎŰɤ ŰŮɚŮɘɩɛŬŰɞɠ Űɞɡ ɜɞɛɏŬ ɛŮ Űɞ əŮəɚɘɛɏɜɞ ɏɚŬůɛŬ Űɖɠ əɎŰɤ ŭŮɝŬɛŮɜɐɠ, ɖ ŮűŬɟɛɞɔɐ Űɖɠ 

ˊɟɞŰŮɘɜɧɛŮɜɖɠ ɛŮɗɞŭɞɚɞɔɑŬɠ əŬŰɏɚɖɝŮ ůŰɖɜ Ůˊɑɚɡůɖ ɛɞɜɞəɟɘŰɖɟɘŬəɞɨ ˊɟɞɓɚɐɛŬŰɞɠ ɓŮɚŰɘůŰɞˊɞɑɖůɖɠ 

ŰɞˊɞɚɞɔɑŬɠ, ɧˊɞɡ Ůɜ ŰɏɚŮɘ ɖ əɞˊɤŰɘəɐ ɕɤɐ ŬɡɝɐɗɖəŮ əŬŰɎ 13.37 ɢɟɧɜɘŬ. ȼ ŰɟɑŰɖ ɚŮˊŰɞɛɏɟŮɘŬ ůŰɖɜ 

ɞˊɞɑŬ ŮűŬɟɛɧůŰɖəŮ ɖ ɛŮɗɞŭɞɚɞɔɑŬ ŮɑɜŬɘ ɖ ůɨɜŭŮůɖ ŰŮɚŮɘɩɛŬŰɞɠ Űɞɡ ɜɞɛɏŬ ɛŮ Űɞ ɏɚŬůɛŬ Űɖɠ Ɏɜɤ 

ŭŮɝŬɛŮɜɐɠ. H ŮűŬɟɛɞɔɐ Űɖɠ ˊɟɞŰŮɘɜɧɛŮɜɖɠ ɛŮɗɞŭɞɚɞɔɑŬɠ əŬŰɏɚɖɝŮ ůŰɖɜ Ůˊɑɚɡůɖ ɛɞɜɞəɟɘŰɖɟɘŬəɞɨ 

ˊɟɞɓɚɐɛŬŰɞɠ ɓŮɚŰɘůŰɞˊɞɑɖůɖɠ ˊŬɢɩɜ ŮɚŬůɛɎŰɤɜ ɛŮ Ŭɨɝɖůɖ Űɖɠ əɞˊɤŰɘəɐɠ ɕɤɐɠ əŬŰɎ 10.83 ɢɟɧɜɘŬ. 

Ⱥɜ ŰɏɚŮɘ, ɖ ŬɜɎˊŰɡɝɖ əŬɘ ŮűŬɟɛɞɔɐ Űɖɠ ˊɟɞŰŮɘɜɧɛŮɜɖɠ ɛŮɗɞŭɞɚɞɔɑŬɠ ɞŭɐɔɖůŮ ůŮ ɢɟɐůɘɛŬ 

ůɡɛˊŮɟɎůɛŬŰŬ ŬɜŬűɞɟɘəɎ ɛŮ ŰŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ ŬɜŰɞɢɐɠ əŬɘ əɧˊɤůɖɠ Űɤɜ ɚŮˊŰɞɛŮɟŮɘɩɜ ˊɞɡ 

ɛŮɚŮŰɐɗɖəŬɜ ɧˊɤɠ əŬɘ ŬɜŰɑůŰɞɘɢɩɜ Űɞɡɠ. 
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1 Introduction 

 

 

 

1.1 Research Context 

1.1.1 Fatigue in ship structures 

Fatigue of steel components is referred to as the gradual degradation of the material which 

eventually will lead to failure and occurs under loads which change in time and are lower or even 

considerably lower than the static strength of the steel element concerned. (Pook, 2007) 

The phenomenon of fatigue was first studied in metallurgical terms by Ewing and Humphrey 

in 1903, and they showed that metal fatigue damage in a plain specimen initiates as a surface 

phenomenon. They demonstrated that in a ductile metallic material, bands of slip lines will form on the 

surface of grains under fatigue loading. These slip lines will eventually turn into cracks, however only 

one crack will gain considerable depth which will cause the section to be reduced until static failure 

takes place (Pook, 2007). 

The type of loading that induces fatigue, commonly referred to as fatigue loading, occurs due 

to fluctuating stress (load) applied to machine components or structural parts and is below the yield 

strength of the material. It is a problem that affects any mobile part or component, such as aircraft wings, 

ships at sea and turbines (Campbell, 2008).  

Regarding ship structures, fatigue fracture problems are relatively recent issues since they did 

not concern the shipbuilding industry until the 1970s. Low and medium strength ship steels were used 

that had only issues with brittle fracture due to temperature. However, as high performance ships 

emerged, fatigue fracture issues emerged as well. Employing High Tensile Steel (HTS) at first in deck 

and bottom, in order to increase yield strength, and later on in local structures, increased the fatigue 

problems in ship structures. (Ozguc, 2017) 

In ship structures, fatigue loading is applied throughout their service life since they have to cope 

with several sequences of variable amplitude loading cycles. As the ship travels through the sea, waves 

can result in bending the shipôs keel upwards, if the wave crest is amidships, or otherwise downwards 

causing the ship to be in a hogging or a sagging state, respectively. In the case of the ship being at 

hogging state, the deck of the ship is in tension whilst the bottom is in compression. Similarly, when 

the ship is in a sagging state, the deck of the ship is in compression whilst the bottom is in tension. 
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Along with these variations, loading and unloading the vessel will cause further stress cycles to its hull 

(Tomita, et al., 2004; Mao, 2009). 

From a mathematic point of view, fatigue loading is a stochastic process and can be described 

by a varying force that depends on time, F(t), and is applied in some time intervals. In constant 

amplitude fatigue loading, the loading cycles can be clearly distinguished. As is evident, constant 

amplitude loading is a simplification of the loading patterns that a structural member will encounter in 

its service life. There, the designers had to cope with the issue of using the constant amplitude loading 

data to predict the fatigue lives of structural parts that encountered a wide range of variable amplitude 

loading patterns. The exploration of fatigue of metal components under variable amplitude loading is 

known as the study of cumulative damage (Pook, 2007).  

A large number of constant amplitude fatigue tests have been conducted in plain metallic 

specimens. The test results are highly sensitive to the surface finish. The results are presented in terms 

of the nominal surface stress and are established by assuming that the specimen will remain elastic. 

Results are presented as S-N curves. These are plots on a logarithmic scale of varying stress (S) versus 

the number of cycles to failure (N) with a curve to fit the individual data points (Pook, 2007).  

1.1.2 Extending fatigue life by structural optimization of steel structural connections 

Two of the main factors that give rise to fatigue phenomena are the welding of the steel 

members and the configuration of ship structural details. In general, the process of extending the fatigue 

life of a welded steel connection can follow two paths; one by using post-weld treatments and weld 

repair techniques and another by looking into the shape/configuration of the detail in question (Guedes 

Soares & Garbatov, 2015).  

To extend fatigue life in a welded steel connection of a ship structure, offshore structure, 

machine parts, etc., literature mostly have addressed that by employing specific post weld treatments 

such as TGI dressing, hammer shot peening, ultrasonic shot peening and high frequency mechanical 

impact (North, 1997; Yalchiner & Barsoum, 2017).  

Another way to deal with fatigue is by re-examining the configuration of the detail in question 

in order to reduce the values of stress range developed. In that way, the fatigue life of the detail can be 

extended. To attain this, structural modification can be employed with the aid of optimization tools. 

This process is widely used in several engineering fields  (Guedes Soares & Garbatov, 2015). In this 

study, structural optimization is employed in order to extend the fatigue life of ship structural parts. 

Structural optimization; Problem formulation 

The process of structural optimization involves the determination of the best material 

distribution in a physical volume domain in order to safely carry the applied loading conditions. To 
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attain this, the constraints set by manufacturer and user must be considered. Some examples include 

reducing stress, modification of its natural frequency, manufacture with conventional or advanced 

methods. There are three kinds of structural optimization: (a) size, (b) shape and (c) topology. (Querin, 

et al., 2017)  

a. Size optimization: In size optimization, the engineer knows how the structure will look like but 

does not know the size of the components that for the structure. One example is a truss structure 

where the overall dimensions are known but not the cross-sectional dimensions of each truss 

member  (see Figure 1.1) (Querin, et al., 2017). 

 

Figure 1.1: Example of a size structural optimization problem in a truss structure (Querin et al, 2017, p. 2) 

b. Shape optimization: In this case, the unknown is the contour or part of the boundary of a 

structural domain. The unknown boundary can be set as a number of nodes whose location is 

unknown or as an unknown equation as in Figure 1.2 where the function f(x,y) is sought to 

describe the shape of the structure (Christensen & Klarbring, 2009) (Querin, et al., 2017). 

  

Figure 1.2: Example of a  shape optimization problem (Querin et al, 2017, p. 2) 

The process of shape optimization for fatigue strength improvement is widely used by 

researchers. In that case, the researchers use B-splines where control points are inserted at the 

boundaries of the steel member in order to find its optimal shape and increase its fatigue performance. 

These control points move throughout the optimization process and finally form the optimized 

shape/configuration of the joint. (Das, et al., 2006; Wu, 2005; Wilczyfiski, 1997; Xu & Minghua, 1990; 

Grunwald & Schnack, 1997; Fanni, et al., 1994; McDonald & Heller, 2004; Pedersen, 2013).  
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c. Topology optimization: This is the most general category of the three. In this case, the engineer 

does not know the shape or size of the structure. Two major features of topology optimization 

are that the elastic property of the material, as a function of its density, can vary over the entire 

design domain, and that material can be permanently removed from the design domain. One 

example is illustrated in Figure 1.3 at a topology optimization problem of a truss. Some bars at 

the optimal design are removed (Christensen & Klarbring, 2009; Querin, et al., 2017). 

 

Figure 1.3: Example of topology structural optimization problem at a truss (Christensen & Klarbring, 2009, p. 6) 

When topology optimization is employed to enhance the fatigue capacity of a given structure, 

that means that certain part of that structure might change properties or even be removed. An example 

could be certain plates whose thicknesses or section diameters might change, or any geometric entity 

whose change in length or width is important in order to increase the fatigue capacity of the overall 

structure (Gentils, et al., 2017; Bagherpoora & Xueminb, 2017; Couceiro, et al., 2016). 

The proposed methodology includes size optimization where the plate thickness of critical 

members is affected, and structural optimization, where the geometry of the case study detail is altered. 

1.2 State of the art 

Structural optimization is widely used in the automotive industry, aerospace and civil 

engineering. However, in ship structures it seems to be emerging rather than maturing (as happens in 

the above mentioned industries). In structural optimization, the material layout is sought to be optimised 

in a given design space by employing usually finite element analysis in order to assess the proposed 

design based in specific constraints set by the engineer. It is considered to be a concept that promotes 

innovative design and it is employed mainly to develop lightweight and eco-friendly structures.  

The concept of structural optimization of the structureôs layout in order to achieve strength or 

fatigue requirements is emerging in ship structure design. The following Table compares the latest 

studies that involve structural optimization in ship structures (Nubli, et al., 2022). For each study it is 

described the object studied, the optimization method followed, the constraints integrated in the 

analysis, the optimization objective of the study and the method by which each proposed solution (by 

the optimization process) is evaluated. 
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Table 1.1: Comparison of past studies in topology optimization of the layout in ship structures 

Author (year) Object Optimization 

method 

Constraints Optimization 

objective 

Evaluation of 

the proposed 

solutions 

Yu et al (2015) Bulk carrier/ 

Oil tanker 

Genetic 

algorithm 

 

Geometrical 

constraints 

Maximum volume of 

cargo oil tanker/cargo 

hold 

Inner shell 

parametric 

model 

Qiu et al (2016) Primary 

support 

members in 

cargo tanks 

SIMP method 

(see §2.9.2) 

BESO method 

(see §2.9.2) 

Von mises stress 

constraints 

Minimum weight of 

hull structure 

FEM analysis  

Shen et al 

(2018) 

Primary 

support 

members in 

cargo tank 

region for oil 

tankers 

SIMP method 

(see §2.9.2) 

 Minimum weight of 

hull structure 

Harmonised 

Common 

Structural Rules 

(HCSR) and 

FEM analysis 

Liu et al (2019) Stiffeners at the 

bow (prow 

stiffeners)  

SIMP method 

(see §2.9.2) 

Casting 

constraints to 

avoid cavities. 

Casting 

constraints are 

based on 

pseudo-density 

formula, where 

the pseudo-

densities of 

elements along 

the same line in 

the casting 

direction are 

inserted 

Two-stage optimization 

method with multiple 

load cases based on a 3D 

model to optimize the 

location and 

size of ship prow 

stiffeners.  

First to find the optimal 

load paths and material 

layout in the SP. 

Secondly, size 

optimization to optimize 

the 

skin and stiffener 

geometrical dimensions 

simultaneously 

Parametric finite 

element model 

Su et al (2019) Basic ñLò 

structure 

ICM Method 

(see §2.9.3)  

Accumulated 

damage 

Minimum volume Nominal stress 

method 

Andric et al 

(2020) 

Bulk carrier OCTUPUS CSR Geometrical 

constraints 

-Reduce structural 

weight  

-Increase of the 

overall structural 

safety  

FEM analysis 

Kendibilir et 

al. (2021) 

Typical ship 

mid-section 

Standard 

optimality 

criteria (OC) 

method 

Volume 

constraints 

Minimization of total 

strain energy 

Peridynamics 

structural 

analysis: each 

particle is 

assumed to be 

the ensemble of 

infinitesimally 

small volumes 

Silva-

Campillo, et 

al., 2021 

Ultra large 

containership 

(tosion box) 

MATLAB 

optimization 

toolbox 

The minimum 

value is the 

algebraic sum of 

the cut-out 

height.   

The maximum 

value depends 

directly on the 

value set as a 

passage for on-

board workers  

Minimization of torsion 

box weight obtained by 

using as design 

variables geometrical 

parameters of the 

torsion box structure 

The value of the 

hot-spot, in 

terms of the von 

Mises 

stress and fatigue 

life, is carried 

out using the 

Finite Element 

Method (FEM) 

by ANSYS® 

Workbench 

2017 software. 

Kendilibir & 

Kefal, 2023 

Reference 

bulkhead 

geometry of 

trailing suction 

Peridynamics 

topology 

optimization 

(PD-TO) 

Volume 

constraints in 

locations where 

the longitudinal 

Strain energy density PD method 

creates a 

particle-based 

discretization of 
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hopper dredger 

(ship) 

framework. PD-

TO is a general 

nonlocal 

optimization 

strategy that 

performs the 

minimization of 

strain energy 

density as the 

objective 

function and uses 

predefined 

volume fractions 

as optimization 

constraints 

frames are 

mainly located 

according to 

classification 

rules to support 

hull rigidity 

the physical 

geometry and 

integrates the 

forces acting on 

each particle due 

to the non-local 

interactions. 

Armanfar et 

al, 2024 

Yacht and Oil 

tanker 

Evolutionary 

optimization 

Tie constraints 

to the modelled 

lattice structure 

and support 

elements to the 

ship hull 

Minimize the weight of 

the structure while 

ensuring the model 

remains within the 

elastic region 

Finite element 

analysis 

This study Bulk carrier Evaluation 

structural 

optimization 

method  

Constraints 

concerning 

geometry 

limitations of 

CSR. 

Minimize fatigue- 

induce stress developed 

at hot spot locations of 

the local structures 

studied 

FEM analysis  

 

As it is evident from the above Table, structural optimization in ship structures is mainly used 

for weight minimization. In some cases it has been used to achieve better strength requirements 

(Kendibilir et al, 2021;  Liu et al, 2019). The difference that this study makes is that it uses structural 

optimization in order to achieve better fatigue requirements, hence fatigue life. More specifically, it 

aims in re-arranging the geometry of the details studied in order to minimize the hot spot stress values 

developed. This will dramatically assist in maximizing fatigue life. However, apart from studying 

specific case study details of a ship, this study steps forward by proposing a methodology aiming in 

maximising the fatigue life of ship structural details which is developed by the conclusions drawn 

examining case study details and literature. 

 

1.3 Outline of the thesis 

This thesis aims at developing a methodology to extend the fatigue life of ship steel structural 

connections. The methodology will be applied in ship steel structural connections prone to fatigue 

fracture aiming to extend their fatigue life.  

To this end, the structure of the thesis is formulated as follows.  

In the next Chapter, the issue of fatigue in ship structures is analysed. First, the matter of fatigue 

in steel components is addressed by exploring it at a microscopic and then at a macroscopic level. The 

literature on fatigue in ship structures is then reviewed by examining, first, the loading that occurs in 

such an environment which induces fatigue issues. Then, the parameters that induce fatigue issues in 
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steel welded joints of ship structures are presented.  Next, the several ways of applying and distributing 

loads to the analysis are presented. Following that, the different methodologies that aim in calculating 

the number of cycles to failure based on a specific value of stress range are documented. After that, the 

various approaches that can be employed to determine the stress values at the Hot Spot locations are 

reported along with their advantages and limitations. The review continues by establishing the different 

methodologies of design against fatigue failure and ways to improve fatigue life by topology 

optimization. The literature review concludes by exploring fatigue analysis by the use of the finite 

element method. The final part of the Chapter includes an analysis of the basis of the finite element 

formulation of Abaqus/CAE since that is the finite element software employed in this study.  

In Chapter 3, the methodology is proposed that aims at improving the low fatigue life of a steel 

structural connection. The methodology targets at reducing the developed high stress range values at 

the Hot Spot location(s). The aim of the methodology is to employ structural optimization (size and/or 

structural) in order to modify the configuration so that lower fatigue induce stress values will be 

developed, and also change the S-N curve used for fatigue analysis, where possible, so that lower fatigue 

damage will be developed. 

In Chapter 4, the proposed methodology is applied to a common hot spot area of a bulk carrier; 

the lower hopper knuckle connection. The first step is to conduct a fatigue analysis of the case study 

detail using the finite element method by means of Abaqus/CAE software. The fatigue life is calculated 

using Minerôs Rule and the long term distribution of stress range is conducted by the use of the two-

parameter Weibull distribution. The cumulative damage ratio is estimated using the fatigue damage 

resulting from the stress range occurring at each loading condition. For this purpose, a cargo hold model 

is first generated, which extends over the length of three holds (the midship hold and one hold on either 

adjacent side) and transversely over the full breadth of the hull cross-section. Following that, a sub-

model of the area of interest is extracted in order to calculate the hot spot stress of the connection and 

to estimate the fatigue life of the structural detail. All Hot Spot locations of the area as instructed by 

IACS are studied. For the application of loads at the model, the Equivalent Design Wave (EDW) 

concept where specific dynamic load cases for each loading condition are assessed, is employed. 

Following this, the EDW that causes the highest stress range at each loading condition was employed 

for the fatigue analysis to calculate the cumulative fatigue damage ratio. Each EDW has a different 

effect on ship hull response. The EDWs were explored both theoretically and numerically in order to 

establish the one that causes the highest damage to the location examined.  

In Chapter 5 the fatigue-induce stress component of the lower hopper knuckle connection is 

identified and the critical structural members are established. The term ñcritical structural membersò 

include the structural members that transfer fatigue-induce stress component. A sensitivity analysis to 

the plates that form the connection is performed to identify those critical members.  
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In Chapter 6, a size optimization problem is formed based on the findings of the previous 

Chapter where the weight of the structure is taken as a constraint of the problem and the minimum plate 

thickness requirements are considered when the upper and lower bounds of the design variables are set.  

After the solution of the problem is identified, a detailed fatigue analysis is conducted at the detail, with 

the optimized plate thicknesses, in the same manner as it was conducted in Chapter 4. Finally, the results 

are compared with the original fatigue life results of the detail in order to identify differences that accrue 

for fatigue life values. 

  In Chapter 7, a structural optimization problem of the configuration is set in order to reduce 

the fatigue-induced stress component that is developed at critical hot spot locations of the detail. These 

critical locations are chosen to be the top layer of the inner bottom plate (hot spot 1) and top layer of 

hopper plate (hot spot 2). To this end, the geometric parameters that affect stress values are identified 

and are set as the optimization problem design variables. The solution of the optimization problem is 

achieved by coupling a finite element code with a multi-objective optimization code based on 

evolutionary algorithms. Finally, an appropriate optimal set of design variables is chosen and is further 

examined.  

In Chapter 8, the modified detail identified in Chapter 7 is examined with regard to its fatigue 

capacity and compared with the original configuration. The results showed that the fatigue life at the 

modified configuration is increased by 12.87 years. Also, the structural applicability of the modified 

configuration in bulk carriers is explored by carrying out a detailed stress assessment to see whether 

stress values exceed the limitations set by IACS (2024) and a buckling check is performed to the plates 

modified.   

In Chapter 9, the proposed methodology is implemented in another well-known hot spot area 

of a Buk Carrier: the lower side frame bracket toe. The original fatigue life of the detail was at 16.63 

years, which was below the design fatigue life. The critical structural members were identified as the 

hopper sloping plate and the web plate. Next, a size optimization problem was solved using the plate 

thickness values of the aforementioned members as design variables while keeping the weight of the 

structure constant. As a result, the fatigue life was increased by 4.93 years reaching the value of 21.56 

years. As this value was still beyond the limit of 25 years, a structural optimization problem was set and 

solved for the detail. Then, a fatigue analysis was carried out in order to appraise the changes 

implemented. The new fatigue life is at 30 years which is 8.44 years added to the fatigue life of the 

connection after size optimization modifications and a total of 13.37 years added to the original fatigue 

life of the detail. 

In Chapter 10, the methodology is applied at the side framing bracket to upper sloping 

connection of the case study vessel, which is also a well-known hot spot area of a bulk carrier. The 

original fatigue life of the connection was at 24.73 years which is slightly beyond the margin of 25 
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years. Therefore, a size optimization problem was solved by using the plate thicknesses of the critical 

plates of the connection as design variables. The critical plates were identified as the topside sloping 

plate and the web frame. The new fatigue life was calculated at 30 years, which is 10.83 years added to 

the initial fatigue life. 

In Chapter 11 the conclusions of the work presented are discussed as well as the innovatory 

aspects and new findings of this study. The limitations of the study and suggestions for future work are 

also outlined.  

. 

  



10 

 

2 Fatigue in ship structures 

 

 

 

2.1 Introduction 

In this chapter the topic of fatigue in ship structures is discussed. At first, the topic of fatigue in 

steel components is addressed by exploring it at a microscopic and then at a macroscopic level. Fatigue 

in ship structures is then considered by examining, at first, the type of loads that occur in such an 

environment which induce fatigue issues and following that, how they are integrated in the process of 

fatigue life calculation using the S-N curves. In the next section, the process of fatigue life calculation 

is introduced by examining the potential methods to calculate the long term distribution of loads and 

the several approaches to calculate the stress value at a hot spot location. Next, an exploration of fatigue 

analysis by the use of the finite element method is conducted. Since in the present thesis the finite 

element code employed is Abaqus/CAE, a discussion of the basis of the f.e. formulation that is used by 

this software is mandated. Finally, the parameters that govern fatigue issues in steel welded joints of 

ship structures are presented.  The parameters analysed concern weld shape, material properties, weld 

imperfections, residual stresses and local geometry. 

 

2.2 Fatigue of Steel Components 

Fatigue of steel components refers to the gradual degradation of the material which eventually 

leads to failure and occurs under loads which change in time and can be considerably lower than the 

static strength of the material concerned. The term static strength implies the value of load that causes 

failure in one application. The loads responsible for the fatigue phenomenon are called fatigue loads. 

These loads are cyclic, however the cycles are not always of the same amplitude or clearly 

distinguished. When a fatigue load has clearly distinguished cycles it is called a cyclic load (Pook, 

2007).  

2.3 Mechanism of Fatigue 

The phenomenon of fatigue was first studied metallurgically by Ewing and Humfrey in 1903, 

when they showed that metal fatigue damage in a plain specimen initiates as a surface phenomenon. 

They demonstrated that in a ductile metallic material, bands of slip lines will form on the surface of 

grains under fatigue loading. These slip lines eventually turn into cracks, however, only one crack will 

gain considerable depth, and this will cause the area to be reduced until static failure takes place (Pook, 

2007). 
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Regarding the question as to why fatigue cracks develop in the surface of the material, the 

answer is because the surface grains are the weakest. This is because a surface grain is the only part in 

a polycrystal that is not fully supported by adjoining grains. Because the slip systems in neighboring 

grains are not connected to each other, when a grain has a free surface it will deform plastically much 

more easily than if it was in the body of metal surrounded by other grains (Frost, et al., 1974). Surface 

grains deform plastically at the lowest stress, which results in the formation of a microcrack within a 

grain. Due to intergranular slip, such micro plasticity can occur at stresses that are much lower than the 

tensile yield stress (Pook, 2007). If additionally the component is exposed to a corrosive environment, 

because the surface grains are in direct contact with the atmosphere, these will be the most affected. 

The former fact was thoroughly studied in the 1930s by Orowan, Polanyi and Taylor who 

showed that plastic deformation could be explained using dislocation theory. Dislocations can progress 

if the atoms from one plane break their bonds and re-bond with atoms at the terminating edge. A half-

plane of atoms moves in response to shear stress by breaking and reforming a line of bonds, one or 

more, at a time (Virginia, 2015).  

Plastic deformation of the material means that a limited number of atomic bonds is broken by 

the translation of dislocations. The force required to break the bonds of all the atoms in a crystal plane 

instantaneously is high, however, the translation of dislocations makes possible for atoms in adjacent 

crystal planes to slip one past another at much lower stress values. The energy needed to translate is 

low and dislocations travel within a grain of the material. These parallel slip planes group together 

forming slip bands, which can be seen with an optical microscope. A slip band can be seen as a single 

line, but it is in fact made up of closely spaced parallel slip planes, as shown in Figure 2.1 (NDT, 2014).  

 

Figure 2.1:  Slip bands on a grain 

(Source:https://www.nde-ed.org/EducationResources/CommunityCollege/Materials/Structure/deformation.htm ) 

https://www.nde-ed.org/EducationResources/CommunityCollege/Materials/Structure/deformation.htm
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The resistance to crack initiation relies heavily on surface roughness, residual stresses and 

environment. However, these factors are all difficult to control. An important fact is that slip takes place 

in a number of parallel planes. Slip that occurs when a load is applied will not simply reverse when the 

load is removed. Under fatigue loading reverse slip takes place in nearby planes giving rise to the 

development of intrusions and extrusions. Because slip lines traverse a grain, the cracking path is 

transgranular and not intergranular (Pook, 2007).  

 

Figure 2.2: Intrusions and extrusions of slip planes formed at the surface of a component due to fatigue loading 

(Source:https://www.nde-ed.org/EducationResources/CommunityCollege/Materials/Structure/fatigue.htm ) 

2.4 Fatigue issues in ship structures 

The fatigue phenomenon occurs due to a fluctuating stress that is applied to machine 

components or structural parts which is considerably below the ultimate strength of the material and 

sometimes below the yield strength of the material. It is a problem that affects any mobile part or 

component. Such parts or components could be aircraft wings, ships at sea or turbines (Campbell, 2008).  

Fatigue fracture problems in ship structures did not concern the shipbuilding industry until the 

1970s. Low and medium strength ship steels were used that had only issues with brittle fracture due to 

the high transition temperatures of the steels used up to that time. However, as high performance ships 

emerged, fatigue fracture issues emerged as well. Employing High Tensile Steel (HTS) increased the 

fatigue problems in ship structures as most of HTS-steels have a low crack intolerance threshold, 

expressed by Kt. Nowadays, fatigue issues are of importance since high strength steels are widely used 

in marine structures that operate in much more demanding environments than in the past (Caridis, 2008).  

2.4.1 Stress cycles applied 

There are three specific loading patterns that induce fatigue (Campbell, 2008) : 

 

(a) Tensile stress applied that is considerably high, 

(b) Large enough variation between the maximum and minimum applied stress, and 

(c) Sufficiently high number of cycles of fluctuating stress 

https://www.nde-ed.org/EducationResources/CommunityCollege/Materials/Structure/fatigue.htm


13 

 

There are many types of stress variations that a structural member could encounter in its service 

life. Some of the most common are illustrated in Figure 2.3. 

 

Figure 2.3: Most common stress variations causing fatigue 

(Source: Campbell, 2008, p.243) 

During their service life, ships have to cope with several sequences of variable amplitude 

loading cycles. As a ship travels through the sea, waves result in bending the shipôs keel upwards, if the 

wave crest is amidships, or otherwise downwards causing the ship to be in hogging or sagging state, 

respectively. In the case that the ship is in a hogging state, the deck of the ship is in tension whilst the 

bottom is in compression. Similarly, when the ship is in a sagging state, the deck of the ship is in 

compression whilst the bottom is in tension. Along with these variations, wave impact of the side shell 
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structure of the vessel will cause further fatigue loading of the hull structure. Figure 2.4 illustrates the 

sequence of hogging and sagging (Tomita, et al., 2004; Mao, 2009).   

 

Figure 2.4: Hogging and sagging effect on the ship's hull 

  (Source: https://www.tc.gc.ca/eng/marinesafety/tp-tp14609-4-construction-150.htm ) 

Therefore, since the loading scheme applied to ship structures varies from tension to 

compression the most common stress cycles applied to a ship structural part are of those in Figure 2.3a.  

2.5 Fatigue Loading 

From a mathematical point of view, fatigue loading is a stochastic process and can be described 

by a varying force F that depends on time, F(t), which is applied in some time intervals. Alternatively, 

it can be described by a reference stress S at a specific reference point in terms of time, S(t). However, 

when the material behavior is linear elastic, the two approaches are equivalent (Pook, 2007).  

In constant amplitude fatigue loading, the loading cycles can be clearly distinguished, as shown 

in Figure 2.5. For the phenomenon of fatigue in steel structural members, the maximum and minimum 

values of stress as well as the number of cycles are the important factors (Pook, 2007). 

https://www.tc.gc.ca/eng/marinesafety/tp-tp14609-4-construction-150.htm
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Figure 2.5: Cycles of constant amplitude loading (Pook, 2007, p.16) 

Constant amplitude loading is a simplification of the loading patterns that the structural member 

will encounter in its service life. Therefore, designers have to cope with the issue of using the constant 

amplitude loading data in order to predict the fatigue lives of structural members that encounter a wide 

range of variable amplitude loading patterns. The investigation of the fatigue response of metal 

components under variable amplitude loading is known as the study of cumulative damage. In 1924 

Miner predicted the fatigue life of ball bearings assuming that damage accumulates linearly with the 

number of revolutions. Similarly, Langer and Miner proposed that fatigue damage for a given stress 

level can be considered to accumulate linearly with the number of stress cycles. This idea is known as 

the Palmgren-Miner rule or Minerôs rule. Based on the Palmgren-Miner rule, if a component is stressed 

at S1 and has a life of N1 cycles then the fatigue damage after n1 cycles will be n1/N1. For each cycle the 

damage will be 1/N1. Similarly, if it is stressed at S2, the damage for each cycle will be 1/N2, as depicted 

in Figure 2.6. The mathematical expression of Minerôs rule is: 

  

ὲρ

ὔρ
ρ 

 

It is also known as the linear damage rule (Pook, 2007).  
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Figure 2.6: S-N curve (Pook, 2007, p. 45) 

2.5.1 S-N (Wohler) curves 

A large number of constant amplitude fatigue tests have been conducted using plain metallic 

specimens. The test results are highly sensitive to the surface finish. A lot of fatigue tests were carried 

out in circular cross sections and they were tested in rotating bending. This is a machine employed for 

fatigue testing of steel specimens developed by R.R. Moore. The rotating beam type machine can be 

used for a simple supported or a cantilever beam. For a simple supported beam, a specimen with circular 

cross section is inserted and held at its ends in special holders. It is loaded with two bearings set at equal 

distances from the center of the span. Equal loads are placed in those bearings by means of weights that 

produce a uniform bending moment at the specimen. At the same time a motor rotates the specimen 

(Figure 2.7). For the case of rotating cantilever beam type, the specimen is rotated while a gravity load 

is placed at the free end of the specimen (Kaufman, 2008).  

In that case the mean stress was zero and the loading cycles were sinusoidal. The results are 

presented in terms of the nominal surface stress and are established by assuming that the specimen will 

behave elastically. Results are presented as S-N curves. These are plots on a logarithmic scale of stress 

amplitude (S) versus the number of cycles to failure (N) with a curve to fit the individual data points.  

 

Figure 2.7: R.R. Moore rotating beam machine (Source: Campbell, 2012, p. 148) 



17 

 

The S-N data used for fatigue damage calculations are developed under load resulting in a 

principal stress acting normal to the weld toe line, in the case of steel welded connections. However, in 

real structures, the principal stress direction may not be normal to the weld. The larger the angle of the 

principal stress is to the weld, the more conservative the fatigue damage calculations are, based on the 

assumption that the stress acts normal to the weld line.  (Rigo &Rizzuto, 2003). The rules assume that 

stress acting at 45 degrees to weld normal line is equivalent to a stress acting normal to weld line. For 

principal stresses acting outside 45 degrees of the weld normal line the IIW S-N curve for stress acting 

parallel to the weld line is applied in the rules in the form of a stress correction factor of 0.9 (TB Report, 

Pt. 1, Ch. 9, §2.9, 2014). 

Failure is defined as the fracture of the specimen in two parts, however other definitions might 

be used, such as the appearance of a crack of a specific size. The number of cycles to failure is called 

the fatigue life or endurance of the specimen. If failure occurs in less than 104 cycles, this is called low 

cycle fatigue and for higher endurance it is called high cycle fatigue (Pook, 2007). Additionally, it 

should be noted that S-N curves are plotted against the number of cycles and not in terms of time due 

to the fact that for metals the number of cycles to failure is independent of the test frequency when the 

frequency is less than 200 Hz (Frost, et al., 1974).  

When the standard S-N curves do not apply, fatigue testing is carried out in order to generate 

representative S-N curves. However, due to cost and time restrictions, in most cases the specimens are 

of small-scale which does not allow for tolerances and statistical variations to be included as they do in 

large scale testing. DNV-GL states that they should be included when generating the S-N curves. One 

of the most recent method to overcome the aforementioned difficulties is to implement the stochastic 

finite element method. By employing this method, additional uncertainty in tolerances, loading and 

material can be considered (Larsen, et al., 2021). 

2.5.2 Fatigue limit 

As seen from the S-N curves in Figure 2.8, the higher the stress level, the lower the number of 

cycles the material can withstand prior to failure. However, as also noted, for steels there is a limiting 

stress level, below of which no matter how many load cycles are applied to the material, it will not fail; 

it will have infinite fatigue life. This is the endurance or fatigue limit of the material (Budynas & 

Nisbett, 2014).  
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Figure 2.8: Comparison of fatigue behavior in steel and aluminum (Kalpakjian, 1995; taken from Campbell, 2008, p. 246) 

Metals usually have a fatigue limit of about 35-60% of their tensile yield strength (Campbell, 

2008). This is related to the existence of solutes (carbon, nitrogen) in their synthesis. Solutes prevent 

dislocation motion at small displacements or strains. For example, aluminum alloys do not have a 

fatigue limit, because of the absence of solutes in their synthesis that would prevent dislocation motion 

(Ashby, 1989).  

2.5.3 Multiaxial Fatigue 

Literature on multiaxial fatigue states at first that nearly all structural components are subject 

to multiaxial fatigue loading during their service life. Nevertheless, one stress component usually 

dominates. Thus, for analysis purposes, a multiaxial loading can be simplified by considering a uniaxial 

stress condition.  

The purpose of a multiaxial fatigue criterion is to calculate an equivalent stress that will be 

compared with the uniaxial mechanical properties of a metal. Multiaxial fatigue criteria are widely used 

in the analysis of multiaxial fatigue loading. This field is currently in a state of rapid development 

however, and it is not yet possible to make statements as to which multiaxial fatigue criteria are most 

appropriate in specific conditions (Pook, 2007).  

2.6 Fatigue life calculation process 

In this section the process of fatigue life calculation is examined. At first, the methods available 

to calculate the long-term distribution of loads and stresses are presented. Next, the approaches to 

calculate the stress value at the hot spot locations are examined. Having calculated the value of stress 

developed at a hot spot, the S-N curves can be employed by which the number of cycles to failure can 

be estimated and then, the fatigue life is established. 
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The process described above is schematically represented in Figure 2.9 and further explained 

at this section. 

 

Figure 2.9: Process of fatigue life calculation  

2.6.1 Long term distribution of loads and stresses 

A shipôs lifetime is approximately 20 to 25 years. During that time, the ship will come across a 

variety of weather conditions, hence wave spectra. This total lifetime can be considered to be a 

summation of short time intervals of a few hours of duration, where the sea state will remain constant. 

The significant wave height (Hs) values that are calculated for these intervals throughout the shipôs 

lifetime will have some kind of distribution. In the same way, the lifetime response history of the ship 

can be regarded as a series of short-term episodes. The short-term response is the determination of the 

structural response for a specific sea state. It can be assumed that the short-term stress range response 

follows a Rayleigh distribution, therefore, the long-term probability Ps (S>So) of the resultant stress 

range exceeding So is obtained combining: 

ü The short-term probability of the stress range exceeding a specific value So, 

ü The probability p(Hs, Tm) encountering each sea state characterized by the average 

signiýcant wave height Hs and the mean period Tm.  

ü The probability p(ű) of occurrence of the heading angle ű, and 

ü The probability of occurrence p(V) of the maximum speed or reduced speed. 

Taking the abovementioned, the long-term probability of stress range S exceeding the value of 

So for a given loading condition is calculated. 
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The long-term distribution of stress range for the structural detail under question is provided by 

performing these calculations for various values of So. To express the calculation of fatigue life by a 

closed form equation, a probability distribution that provides the best fit to the calculated distribution 

of stress ranges is sought. Considering that fatigue is a cumulative phenomenon as opposed to other 

limit states, the Weibull distribution appears to be the function to express the long-term distribution of 

stresses. More specifically, it has been found that the long-term distribution of hull girder stresses can 

be expressed satisfactorily by the two-parameter Weibull distribution (Beghin, 2010). 

 

Figure 2.10: Weibull probability density function (Beghin, 2010, p. 17-12) 

Figure 2.10 shows the Weibull distribution plotted for different values of the shape parameter, 

k. Based on results of at-sea measurements, k ranges from 0.7-1.0 for large tankers and bulk carriers. 

The value of the shape parameter k depends on the dominant period of the hull structural response and 

the wave environments considered. Its accurate measurement is of high importance since the value of 

fatigue life calculated is very sensitive to variations of the shape parameter (Beghin, 2010; Blagojevic 

et al, 2002). 

For fatigue life calculations the long-term distribution of stress ranges is identified based on the 

long-term load history by which the distribution of stress variations over a long period of time are 

established. 

 In the case of ship structures, this process should be conducted considering the variations in 

sea routes, ship speed, and loading conditions. The profile of the long-term load history requires to 

account for the loads that can influence the fatigue life. Such loads are (Beghin, 2010): 

1. Still water loads (for example cargo loads), 

2. Transient loads, such as thermal stresses, 

3. Wave-induced loads that are loads directly generated by the action of waves, 

4. Vibratory loads, resulting from main engine or propeller vibratory forces, 

5. Impact loads such as bottom slamming, and 
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6. Residual stresses. 

Still water stresses may change significantly, depending on the type of ship, from voyage to 

voyage. Regarding the thermal stresses, these can occur in several cases such as in weather-exposed 

areas where they depend mainly on the daily changes of air temperature, in seasonal variations or due 

to temperature gradients that occur in different parts of the ship (below and above the waterline). Hence, 

still water and thermal stresses, which are very low frequency, may be considered as static stresses 

whose effect is to modify the mean stress value. Loads occurring by the action of waves are considered 

to be the most important contributors to fatigue damage. There are several methods to account for these 

loads and construct the stress history. The most common in ship design is to carry out a direct ship 

motion and load analysis. The effects of impact and vibration loads are also accounted for when 

necessary. Finally, residual stresses from welding in ship structures are present and can be classified 

into the following two categories (Beghin, 2010): 

1. Local stresses, which are close to the weld and are self-balanced over the cross section of the 

member. These stresses can be reduced by heat treatment or local yielding caused by peak 

wave loading. 

2. Regional stresses which are uniform throughout a member and are self-balanced within the 

structure. Unlike local stresses, they are not easily reduced by heat treatment or by peak 

loading. 

In the following paragraphs the methods used to account for wave-induced loads in order to 

calculate the long-term distribution of loads and stresses in fatigue analysis are analysed and also shown 

schematically in Figure 2.11. (ñRAOò stands for Response Amplitude Operator) 

 

Figure 2.11: Methods to identify the long-term distribution of stresses 
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2.6.1.1 Spectral fatigue analysis 

At the spectral - based fatigue analysis the sea state is characterized by the spectral energy. 

Moreover, scatter data about different direction of waves and wave heights are employed to simulate 

the sea state. Then, the stochastic method of structural analysis is used to analyse the structural response 

and dynamic analysis is used to generate the dynamic characteristics of the structure such as mode 

shapes (Nallayarasu et al, 2010).  

The long-term distribution of stresses is determined by conducting a direct ship motion and 

analysis in order to: 

ü Calculate the transfer functions (RAO) of ship motions, load effects, and stresses by 

using unit amplitude and a range of wave periods, heading angles and ship speeds. 

ü To identify the response spectra of stresses for various wave spectra, heading angles 

and ship speeds by transferring the RAO of loads to the model and performing 

structural analysis 

ü To determine the short-term structural response for various sea states, heading angles, 

and ship speeds. 

ü To build the long-term distribution of stress range giving the probability P(So) of the 

stress range exceeding a specified value So. 

Even though a ship encounters several different loading conditions throughout its service life, 

for the plethora of cargo ships, the most important of these are two: fully loaded and ballast loading. 

Therefore, the calculation of loads and stresses may be limited to these two conditions (Beghin, 2010).  

2.6.1.2 Simplified fatigue analysis 

The process of calculating the long-term distribution of loads and stresses as introduced in 

§2.6.1 is complicated and time consuming, therefore classification societies have developed an 

alternative in which simplified procedures are employed for the calculation of loads and stresses. 

In this analysis different basic loading cases are considered; these bring together the different 

dynamic effects of the environment on the hull structure thus, aiming in calculating the stress ranges 

that occur. The load cases include the following load components: 

ü Global loading (Hull girder loads)  

ü External sea pressures 

ü Internal inertial and fluctuating loads due to accelerations 

The design loads provided by the classification societies are based on different levels of 

probability of exceedance and the resultant long-term distribution of stresses (summation of hull girder 

and local bending stresses) is assumed to be represented by a two-parameter Weibull distribution. If the 
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Weibull shape parameter of the long-term distribution of stresses is known, the choice of the extreme 

stress range and the associated probability of exceedance does not affect the fatigue damage. 

However, there are many uncertainties associated with the shape parameter that rely on the type 

of ship, sailing route and location of the structural detail.  

2.6.1.3 Equivalent design wave concept 

An alternative approach, intermediate between the spectral and simplified analysis termed 

ñequivalent regular wave conceptò was developed first by Bureau Veritas (2000), and can be used for 

the determination of the long-term distribution of stresses. Results of fatigue analyses that have been 

conducted for various types of ships show that the governing factors in the fatigue life of structural 

details are: 

1. The vertical wave bending moment, 

2. The horizontal wave bending moment, 

3. The wave torsional moment, only when applicable, 

4. External sea pressures, and 

5. Inertial loading due to accelerations 

For each of the abovementioned load effects (dominant loads), an equivalent regular wave is 

created, characterized by the wave height, wave length, heading angle and position along the shipôs 

length so that the maximum response for the load effect studied will be equal to its value provided by 

the Rules for the probability of exceedance considered. The amplitude of the other effects (secondary 

loads) is provided by a ship motion analysis considering that the ship is positioned on the equivalent 

regular wave (Beghin, 2010). The load combination factors between the dominant and secondary loads 

represent their relationship and are calculated from transfer functions and phase angles between the 

dominant and secondary load responses (ABS 2003; Kim et al. 2006).  

The basis of the EDW method explained above is exactly the same for strength and fatigue 

assessments. The applicability of the EDW method for the estimation of the maximum stresses has been 

demonstrated for any probability level. In order to confirm the applicability of the EDW method for 

fatigue analysis, direct strength analysis has been carried out for tankers and bulk carriers (ABS, 2003; 

Kim, et al., 2006). In fatigue assessment, the stress obtained will be used to calculate the scaling factor 

of the Weibull distribution used to construct the long term distribution of stresses for fatigue damage 

computation.  

As mentioned above, it is assumed that the long term distribution of stresses follow a two-

parameter Weibull distribution. These parameters are the scaling factor that corresponds to the stress 
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range at a selected probability level and a shape parameter. In theory, any probability level could be 

selected for this stress range if the shape parameter is well specified. It was observed though, that 

irrespectively from the S-N curve used and from the structural element assessed the largest contribution 

to the fatigue damage was given by stress ranges at probability level around 10-2 (IACS, TB Report, 

2014). It was also demonstrated that if we target the stress range at the probability level contributing 

the most to the fatigue damage, the final results are less sensitive to the shape parameter used. 

 

Figure 2.12: Influence of the shape parameter used for stress ranges at different probability levels (TB Report Pt. 1, Ch. 4, 

Sec. 2, 2014) 

As illustrated in Figure 2.12, it can be observed that for probability level of 10-2, the variation 

of the shape parameter does not affect much the fatigue life, while for other probability levels any 

deviation of the shape parameter from unity could lead to totally different results. Considering the 

above, the design loads for fatigue assessment in the CSR-Harmonized Rules, which are employed in 

the present study, are derived at probability level of 10-2. In order to keep simplicity, the shape parameter 

for the reconstruction of the load/stress history can be kept 1.0 (TB Report Pt. 1, Ch. 4, Sec. 2, 2014). 

2.6.2 Stress approach 

In this section the methods that can be employed in order to determine the stress values at the 

hot spot locations that will be used in the fatigue analysis are presented. These methods can be applied 

to a steel structural detail in which a detailed fatigue analysis is performed. Detailed fatigue analysis is 

conducted in connections where high stress values are anticipated to be developed; these locations are 

called hot spots (Hobbacher 2016). 

2.6.2.1 Nominal stress approach 

At the nominal stress approach, the stress calculated in the area considered does not include the 

stress raise that occurs due to the presence of welds, but includes the stress raise that is caused due to 

macro-geometric effects such as large cut-outs at the vicinity of the joint. Also, the nominal stress 

approach does not take into account the varying dimensions of the structural detail, which is an obvious 
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downside of the method. Elastic behavior is assumed throughout the analysis (Niemi et al. 2006; 

Hobbacher 2016). 

2.6.2.2 Structural hot spot stress approach 

When studying fatigue failure by crack initiation in way of the weld toe, the structural hot spot 

stress approach is an advance on the previous method as the dimensions of the detail are taken into 

account. The stress that is calculated at the expected fatigue crack location is called the structural hot 

spot stress. This stress includes the stress components of membrane and shell bending stress but not the 

non-linear stress peak that is caused by the notch at the weld toe. The notch effect is included in the hot 

spot S-N curves. Figure 2.13 portrays the stress components that the method calculates; the membrane 

stress (ůmem), the shell bending stress (ůben) and the non-linear stress peak that is introduced by the S-N 

curves (ůnlp) (Hobbacher 2010; Niemi et al. 2006). 

The use of the structural hot spot stress approach was made possible by employing finite 

element analysis and fine mesh areas. (Hobbacher 2010; Niemi et al. 2006).  

 

Figure 2.13: Stress components at the hot spot locations (Hobbacher, 2010, p. 235) 

The hot spot stress from FE models is established by measuring the distance to stress read out 

point from the weld intersection line and not the true weld toe even if the weld is not included in the FE 

model. The justification for this procedure is that the stress level at the true weld toe will in many cases 

be too low due to reduced stiffness compared to a model with weld included. It means on the other hand 

that the stress level at the read out point measured from intersection point may give conservative results. 

The benefit is simpler modelling procedure (TB Report, Pt. 1 Ch. 9, §2.7, 2014). 

The limitations of the method are that a) its application is limited to surface crack failures and 

b) the uncertainty of the extrapolation procedure that is used to obtain the structural hot spot stress at 

the hot spot area. In order to be accurate, the fine meshing rules of the hot spot areas should be strictly 

followed. Moreover, to implement this approach, the designer has to verify that the weld will not fail in 

way of the root or inner defects. In the case of weld root failure, the effective notch stress approach can 

be implemented.  This however also has limitations in its scope of application (Fricke 2012; Pook 2007).  

However, apart from these limitations, the hot spot stress approach is well-established for 

tubular structures, shipbuilding and other areas (Niemi et al. 2006). 
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2.6.2.3 Effective notch stress approach 

The notch stress arising at the root of the weld is equal to the total stress assuming linear elastic 

material behavior. In order to allow for the statistical scatter of the parameters of the weld geometry 

and non-linear material behavior at the notch of the root, the real weld detail is replaced by an effective 

one. In the case of structural steels it has been verified that an effective notch root radius of 1 mm gives 

sufficiently accurate results. In the fatigue assessment procedure the effective notch stress will be 

compared with a common fatigue S-N curve (Pook, 2007). 

This stress is limited to a small area and considers stress concentrations that occur as a result of 

structural geometry and the notch effect. Therefore, in mathematical terms the effective notch stress can 

be expressed as:  

„ ὑ„ ὑὑ „z ὑ „z  

Where:  

„ ȡ is the notch stress, 

„: is the hot spot stress, 

ὑ : is the stress concentration factor due to the geometrical configuration of the detail, 

ὑȡ is the weld shape concentration factor, and 

ὑ: is the total stress concentration that is associated with the structural and weld geometry 

(Beghin, 2010). 

 

 

 

Figure 2.14: Effective notch stress concept (Hobbacher, 1996, p. 30) 

The method is valid for welded joints that are expected to fail from the weld toe or root. Other 

causes of fatigue failure, such as embedded defects, are not covered by the method. Moreover, it cannot 

be applied when there are stress components parallel to the weld or the root gap. Also, it is limited to 
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plate thicknesses that are equal to or greater than 5mm (Pook, 2007). Although this method seems 

attractive from an engineering viewpoint there are still many questions under investigation, such as the 

size of the fictitious notch when there is plane and anti-plane shear loading, and the effect of small 

imperfections on weld notches (Radaj, et al., 2006). 

2.6.2.4 Limitations of these methods 

There are several local approaches for conducting fatigue analysis of welded components. The 

variations do not only accrue from different traditions or schools of thought but from the fact that 

different fatigue problems have distinct solutions. Some versions of the approaches have resulted from 

research projects that were funded by industrial groups such as the automotive industry, while other 

versions were developed in order to explain experimental results. Standardization of local approaches 

is not possible because such a standard would have to include several parameters, data and have many 

applications. However, this does not imply that some sort of standardization is not possible in limited 

areas of application. Guidelines that are formed for specific areas of application aim to attain this exact 

purpose (Radaj, et al., 2006).  

2.7 Fatigue analysis using the finite element method  

In order to calculate the fatigue lives of the hot spot locations, stress range values have to be 

obtained first. For direct assessment, a three-dimensional (3D) finite element model can be employed 

where the aim would be to obtain stress values. In the present thesis, the commercial software 

Abaqus/CAE (v.14) is used. Abaqus/CAE is widely used to calculate stress values from its finite 

element models. It has several options for mesh generation, geometry development and many types of 

material behaviour can be simulated such elastic, elasto-plastic, etc. 

In the following section the method employed and the equations solved by the software in order 

to identify the stress values at a model are presented.  

2.7.1 Formulation of the finite element method in the finite element software used 

The procedure followed by Abaqus/CAE in order to calculate the requested stress values, 

forces, etc. is the displacement-based finite element method. This method is an extension of the 

displacement method of analysis of beams and trusses. The basic steps followed by the method are 

outlined below: (Abaqus, 2003; Bathe, 2014) 

1. First, the structure is idealized as an assemblage of beam and truss elements that are connected 

at joints. 

2. Then, the unknown joint displacements that define the displacement response of the structural 

idealization are defined. 
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3. Next, the force balance equations that correspond to the unknown joint displacements of the 

previous step are formulated and solved. 

4. After the force balance equations are solved, the beam and truss element displacements are 

known, therefore the internal element stress distributions can be calculated. 

5. Finally, based on the assumptions set on the outset of the analysis, the results of the stresses 

and displacements are interpreted. 

The concept of the displacement-based finite element solution is based on the principal of 

virtual displacements, also called principle of virtual work. The virtual work principle can be physically 

interpreted as the rate of work done by the external forces subjected to any virtual velocity field to be 

equal to the rate of work done by the equilibrating stresses on the rate of deformation of the same virtual 

velocity field, or simply, the total internal virtual work is equal to the total external virtual work. The 

adjective ñvirtualò implies that the virtual displacements (and subsequent virtual strains) are not 

ñactualò displacements that the structure is subjected to due to loading. On the contrary, the virtual 

displacements are independent from the actual displacements and are used to establish the following 

integral equilibrium equation (Abaqus, 2003; Bathe, 2014).  

2.8 Parameters affecting fatigue strength in welded joints 

As discussed above and especially in §2.2, the mechanism of fatigue involves several 

microstructural parameters such as metallurgical properties. However, many other factors play a 

significant part as well. In this section, the parameters affecting fatigue capacity of a welded steel 

connection will be analyzed.   

To show the significance of a welded connection for the fatigue strength of a detail, Figure 2.15 

includes the S-N curves for a simple plate, a plate with a hole and a welded joint. It is obvious that by 

welding a plate that carries load will reduce its fatigue strength significantly. The curve shows that in 

all three cases the plate has an endurance limit. In the case of the welded joint the endurance limit, is 

substantially lower than in the other two cases which means that the stress range that has to be applied 

in order to not develop a crack is substantially lower. For a simple plate this is approximately 250-300 

MPa while for the welded joint the endurance limit reduces to approximately 25 MPa (Campbell, 2012).  
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Figure 2.15: S-N curves for a simple plate, a plate with a hole and a welded joint (Campbell, 2012, p. 282) 

The reasons why the presence of a weld can have such a great impact to the fatigue strength of a 

plate can be summarized as follows (Campbell, 2012): 

ü Stress concentrations arising from the weld shape and joint geometry, 

ü Stress concentrations caused by weld imperfections, 

ü Stress concentrations due to welding residual stresses. 

In the subsequent sections the influence of these factors will be considered in more detail.  

2.8.1 Weld shape parameters and joint geometry 

A welded connection will affect the fatigue behavior of a loaded plate as the welding will 

change its cross-sectional dimensions in the location where the weld meets the base material. In general, 

any modification of the cross-sectional geometry of a loaded plate will give rise to stress concentrations. 

The magnitude of the stress concentration as well as its location depends upon joint geometry and the 

direction of the load (Campbell, 2012). Figure 2.16 illustrates the geometrical parameters of a T-joint 

geometry and the weld profile. Further down, the influence of each parameter will be explored. 
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Figure 2.16: Geometry parameters of the weld shape and joint geometry that affect the stress concentration in the area: 

weld toe radius (r), weld angle (ɗ), main plate thickness (T), attachment plate thickness (t), toe-to-toe length (L), weld leg 

length (l) (Campbell, 2012) 

2.8.1.1 Size and thickness effects 

It is known from fatigue testing that an increase in plate thickness causes a decrease in fatigue 

strength. This is called the ñthickness or size effectò and design standards take this thickness effect into 

account for fatigue assessment (Yamamoto, et al., 2013).  

The size effect is dependent upon the thickness of the main plate (T) and the size of the 

attachment (t) such as the thickness of a transverse plate on a cruciform joint, as illustrated in Figure 

2.16. If the thickness of the attached plate increases, more stress will move towards the weld toe region, 

therefore fatigue crack initiation will occur earlier. In many fatigue design standards (such as the IACS 

Common Structural Rules) the thickness effect is considered by modifying the stress range for cases 

where the plate thickness is larger than the reference plate thickness (=22mm) (Lotsberg, 2016). 

In general, the size effect is included to account for cases where the actual plate thickness of 

the structural component differs in geometry than those of test specimens used in a laboratory from 

which the S-N curves have been derived.  

The size effect has been studied by Berge (1985) who conducted fatigue testing.  He concluded 

that by increasing the size of a given type of specimen whilst keeping everything else constant, will 

lead to a decrease in fatigue strength. Two different mechanisms are used to explain the size effect. 

The first is the statistical effect, which is based on the fact that fatigue is a weakest link process 

formed in locations where stresses, geometry, defects and material properties combine to form optimum 

conditions for fatigue crack initiation and growth. Therefore, by increasing the size of a specimen will 

statistically produce locations that are more prone to fatigue failures. 
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Independent of the statistical effect of size, in welded joints there is also a plate thickness effect. 

This effect has been noted experimentally and leads to decreased fatigue strength by an increase in plate 

thickness. This phenomenon is attributed to weld technology and residual stresses, which tend to be 

more adverse for heavy section welds. However, plate thickness primarily influences the fatigue 

strength of welds through the effect of geometry, which is independent of any other effects of plate 

thickness. To describe the effect of size in fatigue failures in weld toes, Berge (1985), used a simple 

geometric model (Figure 2.17) and made the following assumptions: 

a. Welded joints of the same type in various plate thicknesses are geometrically similar 

(typical for load-carrying welds). 

b. Initial conditions of fatigue crack growth are independent of plate thickness (crack depth ai 

= const).  

 

Figure 2.17: Simplified model to describe the effect of thickness in fatigue failure developing from the weld toe 

(Source: Berge, 1985, p. 424) 

Under assumption (a), the stress distributions across the load-carrying plates in the crack growth 

plane are geometrically similar, and thus a steeper stress gradient arises in the thinner joint. Hence, 

under assumption (b), the initial crack in the thinner plate will experience a lower stress  than the initial 

crack of the same length in the thicker plate, causing a smaller initial crack growth rate in the former 

case. The difference in initial crack growth rate overmatches the difference in crack length to cause 

fracture; hence the thinner joint will have a longer fatigue life (Berge, 1985).  

The absolute magnitude of plate thickness is also important, as reported by Smith and Gurney 

(1986). They showed that for the series of cases of the plate thickness being 10mm, 15mm, and 20mm 

the fatigue strength increases consistently. The maximum increase was by a factor of 3, when the 

thickness was increased from 6 to 38mm. This study was conducted computationally involving a 3-

dimensional elastic analysis using a finite element program. The loading of the specimens was 
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equivalent to any member being loaded with uniaxial loading with a longitudinal fillet weld attachment 

(Smith & Gurney, 1986). 

Hobbacher (2010) recommends accounting for reductions in fatigue strength due to plate 

thickness when this exceeds 25mm. The Common Structural Rules (2012) have incorporated this 

parameter by modifying the value of the stress range that is to be used for the S-N curves, when the 

plate thickness is greater than 22mm. This is inserted in the analysis through a reduction factor due to 

plate thickness. Therefore, the value of 22mm is an important threshold, beyond of which there will be 

reductions in fatigue behavior (Hobbacher, 2010) (IACS , 2012).  

Yamamoto et al (2013) concluded that the thickness effect on fatigue strength depends upon 

the changes in the thickness of the attached plate rather than that of the main plate. This is because 

fatigue strength is characterized by stress concentration and stress gradient at weld toes, which depend 

on weld size. Specifically, in the case of ship structural design, this is determined on the basis of the 

thickness of the attached plate. Moreover, they reported that in cases in which the attached plate 

thickness remained constant, the thickness effect was rather small. This is because stress concentration 

and stress gradient are not so sensitive to an increase in main plate thickness. Lotsberg's (2016) 

reasoning on the importance of the attached plate thickness is in agreement with that of Yamamoto et 

al (2013). Lotsberg (2016) reports that if the thickness of the attached plate increases, the stress in way 

of the weld toe region will increase, leading to earlier fatigue crack initiation. 

 

2.8.1.2 Effect of weld shape geometry 

The parameters of weld geometry that affect stress concentration and therefore influence the 

fatigue performance of the welded joint are: weld toe radius (r), attachment toe-to-toe length (L), weld 

angle (ɗ) and the profile of the weld surface (convex, concave or straight). 

 

 

Figure 2.18: Convex, concave and mitre weld profile  

(Source: https://www.sciencedirect.com/topics/engineering/fillet-weld ) 

The weld profile can be concave round fillet, convex or straight fillet weld profile (mitre) as 

illustrated in Figure 2.18. Of those three, the concave round fillet profile has better fatigue 

https://www.sciencedirect.com/topics/engineering/fillet-weld
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characteristics (Lee, et al., 2015) (Campbell, 2012). This is because all the weld shape characteristics 

in this case are better. The weld toe radius is higher and the weld angle is decreased which are desirable 

for better fatigue performance. According to Lapman (1997) changing the weld angle from 90o to 22.5o 

will increase fatigue strength by a factor of 1.2 (Lapman, 1997).  

Moreover, the ratio of attachment length, L, (illustrated in Figure 2.19) to thickness, T, is 

important. By decreasing it from 2.0 to 0.375 will increase the fatigue strength by 20%. The significance 

of the attachment length has been also noted by Maddox (1991). He explains that the magnitude of load 

transfer to the connection will increase if the size of the attachment is increased, due to increase of the 

stress concentration at the weld toe. However, the important parameters will depend on the type of the 

detail.  Of particular importance is the value of the attachment length (L) (Maddox, 1991).  Figure 2.19 

illustrates the attachment length in two cases of a plate with a weldment.  

 

 

Figure 2.19: Illustration of the attachment length (L) (Maddox, 1991, p. 51) 

As stated above, the most influencing parameter is the weld toe radius. By increasing the weld 

toe radius from 1mm to 8mm the fatigue strength can be increased by 30%. It is important to note that 

the values Lapman refers to are the result of experimental analysis. They have also been confirmed by 

finite element stress analysis in the weld area. The results might be confirmed but in each case that a 

researcher examines might be slightly different (different loading pattern or joint geometry), the results 

are not generalized for all cases, so the general spirit should be kept and not the exact values. 

 The effect of weld leg length (l) was examined by Smith and Gurney (1986) using experimental 

analysis. Finite element linear elastic analysis was also performed and was found to be in agreement. It 

was concluded that the effect of weld leg length on fatigue life is rather small for the specimens 

examined (Smith & Gurney, 1986).  
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2.8.2 Effect of material properties  

Researchers have examined thoroughly the relationship between fatigue strength and material 

properties. As Pang et al (2013) pointed out, in 1870s, Wohler, established a proportional relationship 

among the fatigue strength ůw and  tensile strength ůb for ferrous metals: ůw=0.4~0.5 ůb. 

However, it was found that the fatigue strength either maintains constant or decreases with 

further increasing the tensile strength, which means that the aforementioned linear relation is no longer 

held at high-strength level (Pang, et al., 2013). Pang et al (2014) highlighted the fact that the relationship 

among fatigue strength and tensile strength can be expressed by the relevant Murakami equations for 

high-strength steels, but there is no generic single formula to satisfactorily describe the relation between 

fatigue strength and tensile strength for materials with a wide strength range. 

 

2.8.3 Weld Imperfections 

Assuming there is an ideal model of a steel plate with a fillet weld loaded in the transverse 

direction, then by the stress analysis it will be concluded that the stress concentration factor at the weld 

toe Kå3. This is comparable to the stress concentration factor of a plate having a hole. However, as 

illustrated in Figure 2.15, the fatigue strength of the welded plate is significantly lower, leading to the 

conclusion that other factors are implicated in the process. (Campbell, 2012). 

Weld imperfections can be allowed for to up to a certain extent, either by avoiding them during 

fabrication or by including their effect in the design process. However, there are other microscopic 

features that come into play to which the large difference in fatigue strength that is noted in Figure 2.15 

has been attributed to. These features are small, sharp, non-metallic intrusions that are present in most, 

if not all, welds. The source of these features is not exactly known yet; however, it is believed that slag, 

surface scale and non-metallic stringers from dirty steel are the main causes. Therefore cracks will 

initiate early on the life of the weld due to the combined effect of these aforementioned features with 

the stress concentration caused by the weld geometry (Campbell, 2012).  

Defects in welds are categorized usually in two shape types; volumetric and planar. A 

volumetric defect arises when the ratio of the weld height to width approaches unity, while a planar 

defect arises when the width is very small in relation to the height (Nardoni, et al., 2012). 

Therefore, planar imperfections such as hydrogen cracks or lack of side-wall fusion should be 

avoided, as they will considerably reduce the fatigue life of the detail. On the other hand, volumetric 

imperfections such as slag inclusions and porosity are tolerated up to a certain level, as the resulting 

notch effect for these imperfections is much lower than in the case of the weld toe (Campbell, 2012).  
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2.8.4 Welding residual stress 

If there is no stress transferred from the surface of an object to its internal region by the 

application of an external load, the stresses inside the material are at equilibrium and are called inherent 

or original stresses. Residual stresses are one type of inherent stress (Zhou, et al., 2014). They are 

normally found in the weldment area and result from thermal expansion and contraction produced by 

the welding process, because of constraints provided by the fabrication or the fixtures and due to the 

distortion of the structure caused by fabrication. This stress is also called reaction stress. These stresses 

are self-balancing meaning both tensile and compressive stresses exists.  

 

Figure 2.20: Typical residual stress distribution in welded joint (Maddox, 1991, p.26) 

Transverse to the weld toe the residual stress is normally tensile and is equal to the yield stress. 

When a load cycle is applied to the component, it is superimposed with the residual stress field and the 

resultant stress can reduce from the yield stress level (shakedown effect). The range of each cycle will 

not change, however, the effective mean stress can be significantly different to the applied mean stress 

as illustrated in Figure 2.21 (Campbell, 2012). Hence, when there are high residual stresses, the mean 

stress effect can be very small (MacDonald, 2011). 
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Figure 2.21: Superposition of applied and local welding residual stresses (Campbell, 2012, p. 288) 

Reducing the residual stress by use of a post-weld treatment can be beneficial only if the applied 

stress range is partially or fully compressive, so that it results in the elimination of tensile residual stress. 

This is because in medium and high-strength steels, tensile macro residual stresses must be strictly 

avoided because they result in a change in the macroscopic dimensions of the plate and can induce crack 

initiation and crack propagation which are harmful to the fatigue strength of the structural detail (Totten, 

et al., 2002).  

For fully applied tensile loads post welded heat treatment will not improve the fatigue 

performance. Hence, it is important to understand beforehand the nature of the applied loads in order to 

decide whether heat treatment should be applied to a structural detail (Campbell, 2012). 

2.8.5 Local geometry 

The local geometry of a steel structural connection is a significant issue that can induce fatigue 

due to the development of high stress values. This issue can occur when, due to local geometry, stress 

singularities might occur.  

The stress analysis of thin elastic plates is based on the generalized plane stress theory of 

elasticity using classical plate theory. Stress singularities can occur in the mathematical solutions of 

thin, isotropic plate problems. There are at least three cases where stress singularities may appear. These 

three cases are presented below. 

(1) First, is the case of a static plate under concentrated forces or moments. In this case the stress 

components at the points of application (r=0) become infinitely large. Hence, it can be said 

that point forces cause stress singularities of the type O(lnr) and point moments result in stress 

singularities of the type O(1/r) as r approaches zero. 
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(2) Second, there are stress singularities that occur when boundary conditions change in type. The 

order of stress singularity at this case is of the type  /
Ѝ

. This is the same order of singularity 

that occurs in stress fields developed near the root of cracks in linear elastic cracked body 

problems. 

(3) Third, there are stress singularities in plates that occur due to plate geometry which implies a 

sudden change of direction in the boundary conditions or an abrupt change in boundary 

domain of the plates. Polygonal regions are a common place for this type of singularity to 

occur. One typical example is the problem of sectorial plates. It is found that singularity 

appears in the stress field at acute corner angles and is of the order ὕὶ . The exponent 

(ɚn-1) represents the order of the singularity, which depends on the boundary conditions along 

the two radial edges at angular corners or re-entrant corners of plates and also regardless of 

the loading conditions (Boonchareon, et al., 2013).  

2.9 Improve fatigue strength by topology optimization 

2.9.1 Categories of structural optimization 

Competitive market has forced engineers to produce innovative designs with reduced costs and 

design time but equally functional. This urged an evolution in the design methodology assisted by the 

development of high speed computer technology. What was traditionally happening at the design stage 

-trial and error process- has been replaced by scientifically driven methods of rational design and 

optimization. One example is structural optimization. Structural optimization is a tool that aims in 

producing designs with maximum efficiency while achieving certain objectives such as the amount of 

material needed. At this type of optimization it is essential to clearly define the objectives of the 

problem, the design variables, and the constraints. The aim would be to maximise or minimise the 

objective function by changing the design variables in a certain domain under the specified constraints 

(Zargham, et al., 2016) (Rozvany, 2009). 

Structural optimization is categorized into three types: size, shape and topology.  

(1) The objective of size optimization is to identify the optimal design by modifying size 

parameters, continuous or discrete. These can be  the optimal thickness distribution of a plate, 

or the optimal cross-sectional dimensions of truss structures or frames. The domain of the 

structure will remain fixed. Since shape and topology of the structure will remain constant, only 

limited improvement can be achieved therefore, size optimization would normally take place 

in the detailed design process stage.  

(2) At the shape optimization process the topology will be fixed but the domain of the structure 

will vary. In most cases this process is implemented for identifying the optimal shape of 

external boundary surfaces or curves. This type of optimization is normally employed at the 

preliminary design stage. However, there is a limitation to the application of shape 

optimization; the topology of the structure is set from the outset by the designer and cannot be 

modified during the optimization process.  
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(3) Topology optimization overcomes this limitation by inserting parameters of the layout of the 

structure to the optimization process. The topology optimization method (TOM) was developed 

after size and shape optimization methods. Michell (1904) employed the first study in topology 

optimization and several researchers have extensively studied this method by incorporating 

numerical methods to the process (Bendsøe & Kikuchi, 1988). As mentioned above, during a 

size or shape optimization problem, the topology is fixed. As opposed to the shape or size 

optimization method, the initial design domain is a grand structure, such as a rectangular plate 

in two dimensional design problems. In a typical topology optimization problem the parameters 

would be the: support conditions, applied loads, structure volume and several other additional 

design restrictions. The unknowns of the problem would be the: physical shape, size and 

connectivity of the structure. Therefore, topology optimization can be employed as a pre-

processing tool for size and shape optimization. 

According to Murat and Tartar (1985), topology optimization can be divided into two classes: 

discrete or continuum structures (Murat & Tartar, 1985). Topology optimization for discrete structures 

has been implemented  for structures such as trusses and frames. The outcome of a topology 

optimization problem for a discrete structure will result in an optimal member, mutual connectivity or 

position of the structural members. On the other hand, the implementation of the topology optimization 

method to a continuum structure will determine the optimal design by indicating the best geometries 

and cavity locations in the design domain. This method enables the creation of highly efficient and new 

design concepts, compared to shape and size optimization (Zargham, et al., 2016). 

2.9.2 Topology optimization approaches 

In this section the topology optimization approaches that solve the continuous topology 

optimization problem are summarized. 

Homogenization approach 

Bendsoe and Kikuchi (1988) were the first to employ the topology optimization method using 

numerical methods. In 1988 they introduced the homogenization method to identify optimal topologies 

in structural design. In this approach, the structural element is understood in a broad sense as being 

characterized by the loads supposed to carry, the volume and design requirements supposed to fulfil 

such as stress and strain limitations. The method allows you to predict the topology of the structural 

member but will results in a non-smooth estimate of the exact form of its shape boundary. Therefore, a 

second step is needed that consists of a traditional boundary variation optimization based on the design 

computed on the first step. This method has serious computational drawbacks because it cannot estimate 

the eventual optimal topology of the mechanical element. The authors overcame this by using 

composites of a priori simple form to  describe the body by a density function that can take values in 

the interval [0,1] instead of only 0 or 1. Therefore, it results in a sizing problem which at the same time 

allows you to estimate the optimal distribution of the material, hence the optimal shape (Bendsøe & 

Kikuchi, 1988). 
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Density approach 

After the homogenization approach to topology optimization was introduced by Bendsøe and 

Kikuchi (1988) other researchers (Bendsøe (1989) and later others (Zhou and Rozvany 1991; Mlejnek 

1992) suggested the so-called SIMP (Simplified Isotropic Material with Penalization) or power-law 

approach, which aimed at reducing the complexity of the homogenization approach by improving the 

convergence to 0-1 solutions (Sigmund & Maute, 2013).  

In order to ensure well-posed and mesh independent solutions one needs to introduce, one needs 

to introduce restrictions. Restriction methods for SIMP problems have developed through the years and 

are categorized into one, two and three-field approaches (Sigmund & Maute, 2013). 

Level-set approach 

The level-set approach was first introduced by Osher and Sethian (1988) and then by many 

other researchers have (Sethian 1999; Allaire et al. 2002, 2004; Wang et al. 2003). At this approach, 

the boundary of the design is defined by the zero level contour of the level set function ű(x) and the 

structure is defined by the domain where the level set function takes positive values. Lately, numerous 

level-set methods have emerged which can be classified by the approach for discretizing the level set 

function, the approach for mapping the level set field onto the mechanical model, and the approach for 

updating the level set field in the optimization process (Sigmund & Maute, 2013). 

Phase field approach 

In the phase field approach, the material distribution is described by the aid of a phase field 

variable ű. This variable will take values close to 1 in the void and values -1 if there is material. In 

phase field approaches the interface between material and void is described by a diffuse interfacial layer 

of a thickness which is proportional to a small length scale parameter Ů. At the interface the phase field 

ű rapidly but smoothly will change its value (Blank, et al., 2012). 

Evolutionary structural optimization (ESO) 

Xie and Steven (1993) were the first to conduct topology optimization using binary variables. 

The basis of this was that inefficient material can be excluded from the structure using sensitivity 

information. This method was called Evolutionary Structural Optimization (ESO). The method gained 

popularity especially after convergent and mesh independent solutions were presented by Huang and 

Xie (2007) who proposed a Bi-directional ESO (BESO). In the BESO method, the structure is usually 

first considered as a full solid design and a target volume is used to quantify the amount of removed/add 

material until convergence, only allowing {0,1} variables (Picelli & Sivapuram, 2019).  

By using binary variables in the solution of problems such fluid-structure interaction, the 

change between solids and voids/fluids is clearly defined and the equilibrium conditions at the interfaces 
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are explicit. However, the update scheme is based on a target volume, therefore always requiring the 

presence of a volume constraint in the optimization formulation. This precludes problems such as mass 

minimization or multiple constraints to be solved in a schematic way (Picelli & Sivapuram, 2019). 

2.9.3 Implementation of topology optimization for design of ship structures 

Nowadays, with the advancement of computer technology, the method of topology 

optimization is employed by several researchers that aim to identify the optimal topology of a structure. 

Some applications are mentioned above. 

Kong et al (2008) employed the ESO method for topology optimization by proposing an 

integrated evolutionary optimization algorithm (IEOA) combined with genetic algorithm (GA), random 

tabu search method (TS) and response surface methodology (RSM) in order to improve the convergent 

speed. This method was employed  in the problem of minimizing the fresh water tank that is placed in 

the rear of ship designed to avoid resonance (Kong, et al., 2008). 

Su et al (2019) employed topology optimization for the optimal design of a structure by 

considering its fatigue characteristics. A fatigue life filter function was used in order to identify the 

influence of fatigue in structural topology optimization and then, the model and solution method of 

fatigue topology optimization for continuous structures were proposed based on the independent 

continuous mapping method (ICM). A fatigue topological optimization model was established were the 

objective was to find the optimal layout of structure with minimum material under the constraints of 

fatigue life (Su, et al., 2019). 

Sekulski (2010) employed a developed tool for the solution of the unified problem of the multi-

objective optimization of topology and scantlings of the seagoing ship hull dimensions based on 

evolutionary algorithms. A computational example was developed using the high-speed passenger-car 

twin-hull ferry. The investigations resulted in developing a number of advanced algorithms employing 

Pareto-domination relation (Sekulski, 2010). 

It is clear that the use of evolutionary algorithms approach for the solution of a topology 

optimization problem is a useful and important tool for the design of ship structures as many researchers 

have employed it.  

 

2.10 Concluding remarks 

In this Chapter a literature review of fatigue in welded steel structural connections was 

conducted. Important aspects of this issue were explored that will be employed in further chapters of 

this thesis. In the following chapter a methodology is proposed that aims in extending the fatigue life 

of steel structural connections by minimizing the peak stress values developed at hot spot locations.  
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3 Proposed methodology to extend fatigue life of a steel structural 

connection 

 

 

 

3.1 Introduction 

In this chapter a methodology is initially proposed that aims to cope with low fatigue life of a 

steel structural connection. The methodology targets at modifying geometric characteristics of the detail 

studied in order to reduce the developed high stress range at the hot spot location(s). The steps proposed 

include, first, the identification of the fatigue-induce stress components. Next, the structural members 

by which this stress component is carried are identified. Following that, as a first step towards extending 

the fatigue life of the detail studied, the plate thickness of the aforementioned members is modified. In 

the case of the resultant fatigue life still being at an unacceptable level, a further step can be 

implemented at which the geometrical characteristics of the said members are targeted.  

3.2 Methodology to extend fatigue life of steel structural connection  

The methodology proposed regarding the extension of the fatigue life of a steel structural 

connection focuses on reducing the stress range developed at common hot spot locations (welded 

connections, notches). By that way a higher value of N (cycles to failure) will be selected at the S-N 

curves, thus providing higher fatigue life of the detail studied. A different value of N can be also selected 

by changing to a different S-N curve. This can happen if a welding exists in the hot spot locations of 

the detail studied and then is removed. However, in high values of stress range the choice of S-N curve 

has little importance, as illustrated in Figure 3.1. To be more precise, the curves (B/C, that concern base 

material, among D that concerns welded connection) begin to widen in approximately N=105 cycles. 

This will result in a notable difference in the value of N when the magnitude of the stress range is less 

than 300 MPa approximately, for a non-welded connection (curves B and C) or 250 MPa for a welded 

connection (curve D).  

The basic design curves for in-air environment are represented by linear extrapolation between 

log(ȹů) and log(N) as follows: 

ÌÏÇὔ ÌÏÇὑς άϽÌÏÇЎ„ȟ 

Where: 

ÌÏÇὑς ÌÏÇὑρ ςϽÌÏÇ‏ȟ 

Where: 
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K2: Constant related to mean S-N curve, 

K1: Constant related to design S-N curve, 

ŭ: Standard deviation of log(N) 

ȹůq: Stress range at 107 stress cycles, related to design S-N curves 

The value of the aforementioned parameters is provided in the Rules (CSR 2024, Ch. 9, Sec. 3, 

§4.1.4) 

 

 

Figure 3.1: S-N curves (IACS 2024, p. 549) 

The steps of the methodology proposed include : 
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The steps are analysed further down. 

 

3.2.1 Establishment of the fatigue-inducing stress component  

This step concerns the identification of stress component that causes fatigue damage in the case 

study detail. This is conducted based on the Rules (IACS, 2021). If the case study detail concerns a 

welded connection, then the direction that causes fatigue damage is that of normal to the weld toe line 

(§2.5.1). If the case study detail contains a notch such as a hole or a joint, the direction of stress that 

matters to the fatigue analysis is that which is directed towards the notch (IACS 2024, Ch. 9, Sec. 5).  

3.2.2 Identification of the structural member(s) that affect the development of fatigue induce 

stress component  

After establishing the stress component that causes fatigue damage to the case study detail, in 

this step the structural member(s) that carry this stress component are identified. These members will 

be in the same direction as the stress identified in the previous step. For example, stresses in a transverse 

direction will be transferred through transverse structural elements, stress in the longitudinal direction 

will be transferred through longitudinal members and so on. However, for complex connections, it is 

advised to conduct a sensitivity analysis in order to identify all structural members that affect stress 

concentration. At the sensitivity analysis the objective will be the identification of the plates whose 

slight change of thickness, decrease the stress value at the hot spot location studied.  

 

3.2.3 Level 1 modification; Set up a size optimization problem 

As a first step towards minimizing the fatigue-induced stresses is the modification of thickness 

of the structural member(s) identified at Step 2. The sensitivity analysis that has been conducted at the 
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previous step will help deciding whether to increase or decrease the values of plate thicknesses of the 

said structural members. Then, a size optimization problem is set up by constraining the weight of the 

structure to be constant while maintaining the minimum plate thickness requirements. The next step 

includes a detailed fatigue analysis of the configuration in order to appraise the modifications 

implemented. Based on the result of the fatigue life calculation it should be decided whether the new 

fatigue life calculated is acceptable or further changes should be conducted in order to further increase 

fatigue life. 

3.2.4 Level 2 modification; Set up a structural optimization problem 

As a further step towards increasing the fatigue life of the detail in question, the geometry of 

the structural member(s) identified at Step 2 is/are studied by setting up a topology optimization 

problem. The objective of the optimization problem will be the minimization of the fatigue induce stress 

component identified in Step 1. 

Regarding the appropriate selection of design variables: 

- If the structural member(s) have a rectangular geometry, the only modification that can be 

conducted is to change height, hence that will be the design variable(s). By that way, the 

second moment of inertia of the member will change therefore, its stress value will be 

modified. 

- If the structural element of interest has an abnormal geometry, its particular characteristics 

should be studied in order to identify the geometrical features that cause stress increase. These 

geometrical features will be inserted to the optimization problem as design variables. 

At this point, it has to be noted that other parameters can have positive effect in reducing the 

fatigue induce stress component developed at the hot spot location studied. Such parameters are the 

stiffener size and transverse web plate spacing (such as frames, web hopper plating and topside water 

tank plates).  

- The increase of stiffener size, increases the section modulus, therefore, can provide positive 

effect in decreasing the longitudinal stress component developed.  

- Reduced transverse web plate spacing increases the support of the structure transversely, 

hence can provide positive effect in reducing the transverse stress component developed.   

However, in both cases, especially for transverse plating (due to their size), the structure's 

weight is significantly increased which stems away from current practices that aim in reducing the 

weight of the structure. Therefore, these parameters are not included in the present study. 
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3.3 Concluding Remarks 

This chapter analysed the methodology proposed that aims at extending the fatigue life of a 

steel structural connection by reducing the peak stress values developed at the hot spot locations. The 

methodology can be implemented for welded or non-welded connections, and concerns structural 

members with rectangular as well as abnormal geometries.  

Next, the methodology will be applied at the lower hopper knuckle connection of a large bulk 

carrier. This is a well-known area for being prone to fatigue cracks. The first step however, is a fatigue 

analysis of the detail examined in order to identify its original fatigue life. This is included in the next 

Chapter.  
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4 Implementation of the methodology to the lower hopper knuckle 

connection; Fatigue analysis  

 

 

4.1 Introduction 

In the present chapter, a fatigue analysis of the lower hopper knuckle connection of a bulk 

carrier is conducted using the finite element method by means of the Abaqus/CAE software. The 

stresses obtained will be used to calculate the scaling factor of the Weibull distribution used to construct 

the long term distribution of stresses for fatigue damage computation. The fatigue life is then calculated 

based on linear cumulative damage summation (Palmgren-Minerôs rule) combined with a design S-N 

curve. 

4.2 Case study vessel 

In this study, the case study vessel is a bulk carrier of 181K DWT. Bulk carriers are merchant 

ships and they represented approximately 21.15% of the worldôs merchant fleet in 2017 (Statista, 2018). 

The principal dimensions and key characteristics of the case study-ship are shown in Table 4.1. 

Table 4.1: Key characteristics of the case study vessel 

4.3 Case study detail 

The connection of the inclined hopper plate, inner bottom plate, girder and web floor plate at a 

bulk carrier is called lower hopper knuckle connection. It has proven to be a quite challenging detail in 

terms of identifying its fatigue strength due to its complex geometry which leads to high stress value 

development (Fischer, et al., 2018). This specific structural detail is chosen for further examination 

because it is particularly prone to fatigue cracks and has been listed as such by IACS (IACS, 2021). 

Figure 4.1 shows the exact location of the lower hopper knuckle connection. 

Type of ship Bulk Carrier BC -A 

Hull type Single skin 

Length overall, LOA  292.00 m 

Length between perpendiculars, LBP 283.00 m 

Breadth moulded, B 45.00 m 

Depth moulded, D 24.80 m 

Scantling draught, T 18.20 m 

Design draught, T 16.50 m 

Maximum service speed 14.9 knots 
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Figure 4.1: Location of the hopper knuckle connection at the ship's midship drawing and 3d view 

The lower hopper knuckle connection in bulk carriers is one of the main fatigue prone areas, or 

as commonly called hot spots, which means that a detailed fatigue analysis is required to be conducted 

in order to establish whether the fatigue life of the detail is equal to or greater than the design fatigue 

life of the ship which is set at 25 years (IACS 2024; Liao et al. 2015). 

4.3.1 Locations of hot spots 

The specific hot spot locations at the lower hopper knuckle connection that will most likely 

lead to low fatigue life are depicted in Figure 4.2. More specifically, 

o Hot spot 1: Inner bottom plate, on cargo tank side 

o Hot Spot 2: Hopper sloping plate, on cargo tank side 

o Hot Spot 3: Bottom layer of inner bottom plate 

o Hot Spot 4: Bottom layer of hopper sloping plate 

o Hot Spot 5: At side girder 

o Hot Spot 6: Scarfing bracket to the inner bottom plate. 
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Figure 4.2: Hot spot locations of lower hopper knuckle connection (IACS, 2024) 

4.4 Fatigue analysis 

Contemporary literature and the IACS Rules present this particular structural detail as a 

possible location of low fatigue life. Therefore, it is necessary to conduct a fatigue analysis at the design 

stage, in order to establish whether its fatigue life is in compliance with the design fatigue life of the 

ship structure which, as mentioned previously, is not to be taken less than 25 years (IACS 2024; Liao 

et al. 2015).  

In the present study, a high-cycle fatigue analysis of the detail is conducted. The structural hot 

spot stress approach is employed, which is a well-established method in the fatigue design of ships. The 

structural hot spot stress applies to welded joints for which the fluctuating principal stress acts 

predominantly transverse to the weld toe and the potential fatigue crack is expected to initiate at the 

weld toe or end (Niemi, et al., 2006). 

For the determination of structural hot spot stress, researchers have developed FEA methods 

for the determination of structural hot spot stress at the weld-toe. These methods are categorized into 

the calculation of the structural hot spot stress by extrapolation of the surface stress at different reference 

points on the outer surface of the plate to the weld-toe, or linearization of the stress through the thickness 

of the plate at the weld-toe. Since shell elements are employed for the present analysis, the first method 

of structural hot spot stress calculation is implemented. For the surface stress extrapolation method, the 
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structural stress component acting normally to the weld-toe is the main cause of fatigue crack initiation 

in the welded component (Iqbal, et al., 2020).  

Using the structural stress calculated in each loading condition, the fatigue damage that occurs 

in each of the loading conditions (Homogeneous, Alternate, Normal Ballast and Heavy Ballast) studied 

will be accumulated linearly, according to Palmgren-Miner Rule, in order to calculate the fatigue life 

of the detail.  

For the simulations, the commercial finite element software Abaqus/CAE is used. In the 

following sections, the material properties and the set-up of the finite element models are introduced in 

order to calculate the fatigue life of the case study detail.  

Further down, the assumptions considered during the fatigue analysis are summed up: 

o A linear cumulative damage model, i.e. Palmgren-Minerôs Rule, has been used in 

connection with the design S-N curves, 

o Design fatigue life is taken not less than 25 years, 

o Rule quasi-static wave induced loads are based on North Atlantic wave environment. They 

are determined at 10-2 probability level of exceedance by the Equivalent Design Wave 

(EDW) concept, 

o Net thickness approach is used, 

o Type of stress used for crack initiating at the weld toe is the hot spot stress. Type of stress 

used for crack initiating at free edge of non-welded details is local stress at free edge, 

o Fatigue stress range is calculated by finite element analysis, 

o Long term distribution of stress range of a structural detail is assumed to follow a two-

parameter Weibull distribution. Weibull shape parameter ɝ is equal to 1 and the fatigue 

stress range is given at the reference probability level of exceedance equal to 10-2, 

o The acceptance criteria for fatigue checking are the total fatigue life to be over 25 years. 

4.4.1 Material Properties 

The hull material is steel of normal yield stress (Grade A 235 MPa) and high tensile steel having 

a yield stress equal to 315 MPa (for grades AH32 and DH32) and 355 MPa (for grades AH36, DH36, 

and EH36). The steel used in the area of the lower hopper knuckle connection is high tensile steel grade 

AH36 having a yield stress of 355 MPa.  

The origin of coordinates is assumed to be in way of the stern-most plane. The X-axis is directed 

towards the ship's bow, the Y-axis is to port-side and the Z-axis vertically upwards. 
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Figure 4.3: Reference coordinate system (IACS 2024, p. 51) 

4.4.2 Finite Element Models 

4.4.2.1 Cargo Hold Model 

Figure 4.1 illustrates the mid-ship section drawing (taken from the shipôs technical drawings) 

and the detail of the lower hopper knuckle connection in a 3D sketch, designed in Abaqus/CAE which 

as mentioned previously, will be used to conduct a detailed fatigue analysis. 

A cargo hold model comprising of three holds is employed for fatigue assessment (IACS 2024, 

Ch. 9, Sec. 5, §2). This is an important step as it will provide us with the boundary conditions of the 

local model. The overall aim is to obtain the hot spot stress range at specific points of the detail studied, 

as illustrated in Figure 4.2.  

The 3D FE model consists of cargo holds, 5, 6 & 7 between frames 103 & 187, with a frame spacing 

of 930mm.  Note that cargo hold 6 is floodable and the 3 cargo holds are within 0.4L amidships. Reduced 

(net) plate scantlings (gross scantlings minus half the corrosion addition) were used for the model. The 

cargo hold model comprises of all main longitudinal and transverse structural elements: shell, deck, 

double bottom, girders, transverse web frames, hatch coaming, stringers, all plates and longitudinal 

stiffeners. Large openings were also modelled (IACS 2024, Ch. 7, Sec. 2, §2.1). 

The above-mentioned members were modelled using shell elements with four integration points 

(S4). In the model, there is at least one element between every longitudinal stiffeners, at least 3 elements 

over the depth of double bottom girders, floors and transverse web frames. Also, the mesh on the hopper 

tank web frame and the topside web frame is fine enough to properly represent the shape of the web 

ring opening. The mesh size of the cargo hold model was set at half the typical distance of the 

longitudinal stiffener spacing (425x425 mm).  

The cargo hold model arrangement and the mesh generated are depicted in Figure 4.4. 



51 

 

 

Figure 4.4: Cargo hold model-view of geometry  

4.4.2.2 Submodel 

The minimum extent of the submodel should be such that its boundaries correspond to the 

locations of adjacent supporting members (IACS 2024, Ch. 9, Sec. 5). Here, the boundaries of the 

submodel correspond to the location of a girder (16150mm off CL) in the transverse direction and of 

two web hopper plates at the longitudinal direction (at 153.85m from AP and at 155.71m from AP). 

In order to calculate the hot spot stress at the hot spot locations, a very fine mesh zone has to 

be generated. According to IACS (IACS 2024, Ch. 9, Sec. 5) for a type ñaò hot spot, i.e. hot spot at the 

weld toe on a plate surface, the element size is to be approximately equal to the representative net plate 

thickness in the assessed areas, and the aspect ratio of elements is to be close to 1. The aforementioned 

mesh size is to be maintained within the very fine mesh zone, extending over at least 10 elements in all 

directions from the hot spot position. The transition of element size between the coarser mesh and the 

very fine mesh zone is to be done gradually. 

Here, the very fine mesh zone covers a square region and extends as far as 15 elements from 

the connection area in all directions. The element size in the very fine mesh zone was set at 

16mmx16mm. After this zone, the mesh size gradually changes from very fine to fine through 

transitional areas. These are depicted in Figure 4.5. 
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Figure 4.5: (a)-Submodel view of the mesh, (b)-Submodel view of the very fine mesh zone and the transitional zone. 

4.4.3 Loads and Boundary Conditions for the Cargo Hold Model 

Based on the ship type being BC-A with length greater than 200m, four loading conditions are 

studied: Homogeneous, Alternate, Normal Ballast, Heavy Ballast (IACS 2024, Ch. 9, Sec. 1 §7.1.2). 

In this study, the dynamic loading that is applied is based on the equivalent design wave (EDW) 

concept. This concept has been examined in Chapter 2 (§2.6.1.3). By this approach the long-term 

distribution of stress ranges is provided for the probability of exceedance requested (10-2 for the fatigue 

analysis) without having to perform a direct, time-consuming, hydrodynamic analysis. 

In the EDW concept, for each loading condition studied, five types of load effects are 

considered. Each one comprises two dynamic load cases that set the range of motion of the load effect 

studied; hence, the stress range accrues from that load effect. For every loading condition, the EDW 

that results in the maximum stress range is considered to be the predominant EDW and the 

corresponding value of stress range is kept for the fatigue life calculations (IACS 2024, Ch. 9, Sec. 1, 

§7.1.2). For this study, the EDWs that are critical for the problem in question are selected and studied.  

As explained in §2.5.1, the principal stress component acting normal to the weld toe line is the 

main cause of fatigue crack initiation in a welded component (Braun, et al., 2022). For the case study 

detail, the stress component that is perpendicular to the shipôs hull girder will be employed during the 

fatigue analysis. Therefore, for this study, the EDWs (load effects) examined are those that cause 

maximisation of the transverse-to-the-shipôs hull girder stress component. These are the BSR and BSP 

EDWs. For researching purposes, the OST load case will be examined for the Homogeneous loading 

condition in order to verify that indeed it will not be the dominant load case for this loading condition. 

Table 4.2 presents the effect of the Equivalent Design Waves (EDWs) studied on the ship hull. 

Both ñBSRò (maximum roll) and ñBSPò (maximum external pressure) EDWs (Beam Sea) affect the 

transverse stress range, but it is not readily obvious to what extent. Regarding the rest of the EDWs 
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introduced by IACS (2024), ñHSMò and ñFSMò EDWs result in maximum stress ranges in the 

longitudinal direction which is not relevant to the problem studied, while ñOSTò EDW results in 

maximum torsional moment. Regarding ñOSTò load case, low stress values are expected due to 

torsional moment amidships. According to the Rules (IACS 2024, Ch. 4, Sec. 2, §1.1.1) OST load case 

will minimise/maximise the torsional moment at 0.25L from the aft end. Therefore it will not be 

examined (apart from the Homogeneous condition) as it will not produce maximum transverse stress 

range at the midship location (Liao, et al., 2015).  For this reason, in all four loading conditions EDWs 

ñBSRò and ñBSPò will be studied in order to establish which one will be the predominant EDW that 

will be used for each loading condition.  

Table 4.2: Identification of the EDWs that induce transverse stress amplitude (IACS, 2024, Ch. 4, Sec. 2, §3.1) 

Load Case BSR-1P BSR-2P BSR-1S BSR-2S BSP-1P BSP-2P BSP-1S BSP-2S 

EDW ñBSRò 

 

ñBSPò 

Heading Beam Beam  

Effect Max. Roll Max. pressure at waterline 

Interpretati

on 

BSR-1P and BSR-2P: 

Beam sea EDWs that 

minimise and 

maximise the roll 

motion downward and 

upward on the port side 

respectively with 

waves from the port 

side 

BSR-1S and BSR-2S: 

Beam sea EDWs that 

maximise and 

minimise the roll 

motion downward and 

upward on the 

starboard side 

respectively with 

waves from the 

starboard side 

BSP-1P and BSP-2P: 

Beam sea EDWs that 

maximise and 

minimise the 

hydrodynamic 

pressure at the 

waterline amidships 

on the port side 

respectively 

BSP-1S and BSP-2S: 

Beam sea EDWs that 

maximise and minimise 

the hydrodynamic 

pressure at the 

waterline amidships on 

the starboard side 

respectively. 

From Table 4.2 it can be seen that cases BSR and BSP are further categorized for the cases that 

the wave comes from the port (acronym óPô) or the starboard (acronym óSô) side. The two cases (wave 

coming from the port and wave coming from the starboard side) are symmetrical if the ship is 

symmetrical about the centerline (IACS 2024, Ch. 4, Sec. 8, §1.3.2). Since, the case study ship is 

symmetrical transversely, the cases BSR-1P, BSR-2P and BSP-1P, BSP-2P will not be considered for 

the fatigue analysis of this detail. 

The loads applied in all load cases presented in Table 4.2 are: 

a) Static and dynamic pressure due to dry bulk cargo for Homogeneous and Alternate 

loading conditions,  

b) Static and dynamic pressure due to liquid for Normal and Heavy Ballast conditions,  

c) Static and dynamic external pressure for all loading conditions, and 

d) Vertical and horizontal wave and still water bending moments (adjustment based on 

IACS 2024, Ch. 7, Sec. 2, §4) 
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e) Vertical wave and still water shear forces after adjustment of the shear forces based on 

IACS 2024, Ch. 7, Sec. 2, §4 

More specifically, the load types applied and accelerations used to formulate the pressures 

applied for EDWs ñBSRò and ñBSPò are reported in Table 4.3. In this Table, the factors considered for 

the dynamic value of the hull girder loads are also documented.  

Table 4.3: Load types and accelerations for EDWs "BSR" and "BSP" before the adjustment 

Load case BSR-1S BSR-2S BSP-1S BSP-2S 

VWBM  Sagging  

(0.1-0.2* fT) 

Hogging  

(0.2* fT -0.1) 

Sagging 

(0.3-0.8* fT) 

Hogging 

(0.8* fT -0.3) 

VWSF Negative-aft 

Positive-fore  

(0.1-0.2*fT)*flp  

Positive-aft 

Negative-fore  

(0.2* fT -0.1)*flp 

Negative-aft 

Positive-fore 

(0.3-0.8* fT)*flp  

Positive-aft 

Negative-fore 

(0.8* fT -0.3)*flp 

HWBM  Port tensile  

(1.1* fT -1.2) 

Stbd tensile  

(1.2-1.1* fT) 

Port tensile 

(0.7* fT -0.7) 

Stbd tensile 

(0.7-0.7* fT) 

Heave Down Up Down Up 

Pitch - - - - 

Roll Starboard down Starboard up Starboard down Starboard up 

Surge - - - - 

Sway To portside To starboard To starboard To port 

 

Where,  

fT=TLC/TSC , not to be taken less than 0.5. Table 4.4 shows the value of factor fT for each loading 

condition as depicted in the following Table,  

Table 4.4: Factor fT for each loading condition to be used for the calculation of bending moments and shear forces 

Loading condition TLC Tsc fT 

Homogeneous 16.521m 1 m 0.91 

Alternate 18.20m 18.2m 1.00 

Normal Ballast 8.385m 18.2m 0.50 

Heavy Ballast 9.354m 18.2m 0.51 

 

flp= Factor depending on longitudinal position along the ship, to be taken as: 

flp=1, for x/LÒ0.5 

flp=-1, for 0.5<x/L 

Further down the formulae used to apply the aforementioned loads are provided: 

a) Static and dynamic pressure due to dry bulk cargo for each load case for Homogeneous and 

Alternate condition. For load cases BSR, BSP (IACS 2024, Ch. 4, Sec. 6, §2.4):  

P=Pbs+Pbd      (1) 

 Static pressure (in KN/m2): ὖ ”ὧzὫz ὑὧz ᾀὧᾀ 

Dynamic pressure (in KN/m2):  
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ὖὦὨ  Ὢ‍ ”zὧz πȢςυ ὥὼz ὼὋ ɀ ὼ  πȢςυ ὥώz ώὋ ɀ ώ Ὢ ὑzὧz ὥᾀ z ᾀὧ ɀ ᾀ , 

for zÒzc 

ὖὦὨ π, for z>zc 

 where  

fɓ  =1.0 for BSR and BSP load cases at fatigue assessment 

fdc = dry cargo factor taken as 0.5 for fatigue assessment 

ɟc  = density of bulk cargo  

Kc  = coefficient where Kc=cos2a+(1-sinɣ)sin2a,  

ax  = longitudinal acceleration at the center of gravity of the hold: 

ὥὼ  ɀὅὢὋ Ὣ ίὭὲ‰  ὅὢὛ ὥίόὶὫὩ  ὅὢὖ ὥὴὭὸὧὬᾀ ɀ Ὑ  

(IACS 2024, Ch. 4, Sec. 3, §3.2.2) 

ay  = transverse acceleration at the center of gravity of the hold 

ὥώ  ὅὣὋ Ὣ ίὭὲ—  ὅὣὛ ὥίύὥώ ɀ ὅὣὙ ὥὶέὰὰᾀ ɀ Ὑ  

(IACS 2024, Ch. 4, Sec. 3, §3.2.3) 

az  = vertical acceleration at the center of gravity of the hold 

ὥᾀ  ὅὤὌ ὥὬὩὥὺὩ  ὅὤὙ ὥὶέὰὰ ώ ɀ ὅὤὖ ὥὴὭὸὧὬ ὼ ɀ πȢτυὒ  

(IACS 2024, Ch. 4, Sec. 3, §3.2.4) 

zc = Height of the upper surface of the cargo above the baseline in way of the load point, 

in m, to be taken as: zC = hDB (Height, in m, of the double bottom at the centerline, measured at mid-

length of the cargo hold)+ hC (Height of bulk cargo, in m, from the inner bottom to the upper surface of 

bulk cargo). 

xG and yG = x and y coordinates, in m, of the volumetric centre of gravity of the tank or fully 

filled cargo hold 

b) Static and dynamic pressure due to liquid for Normal and Heavy Ballast condition, Load 

cases BSR, BSP (IACS 2024, Ch. 4, Sec. 6, §1):  

P= Pls + Pld,       (2) 

Static pressure (in KN/m2): ὖὰίὪὧὨz ”ὒz Ὣz ὤὸέὴὤ ὖὖὠ 

Dynamic pressure (in KN/m2): 

ὖὰὨὪ‍z ὪὧὨz”ᶻὥᾀz ᾀπ ᾀ Ὢ ὥzὼz ὼπ ὼ Ὢ  zὥώz ώπ ώ                                                            

Where: 

PPV = Design vapour pressure, in kN/m2, but not less than 25 kN/m2 

Ztop = Z coordinate of the highest point of tank, excluding small hatchways, in m 
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fcd = Factor for joint probability of occurrence of liquid cargo density and maximum sea 

state in 25 years design life, to be taken as 1.0 

ɟL  = density of the internal liquid,  

full-l = Longitudinal acceleration correction factor for the ullage space above the liquid in 

tanks and ballast holds, taken as: 0.5+[(Ớz0-zỚ/lfs)*(180/ű* )́] for cargo tanks and ballast holds in fatigue 

assessment 

l fs = Cargo tank length at the top of the tank or length of the ballast hold hatch coaming, 

in m. 

full-t = Transverse acceleration correction factor to account for the ullage space above the 

liquid in tanks and ballast holds, taken as 0.5+[(Ớz0-zỚ/btop)*(180/ɗ* )́] 

btop = Cargo tank breadth at the top of the tank or breadth of the ballast hold hatch coaming, 

in m, determined at mid length of the tank or ballast hold hatch coaming. 

x0 = x- co-ordinate, in m, of the reference point 

y0  = y- co-ordinate, in m, of the reference point  

z0  = z-co-ordinate, in m, of the reference point 

The reference point is to be taken as the point with the highest value of Vj, calculated for all 

points that define the upper boundary of the tank or ballast hold as follows: 

ὠὮ  ὥὼ ὼὮ ɀ ὼὋ  ὥώ ώὮ ɀ ώὋ  ὥᾀ  Ὣ ᾀὮ ɀ ᾀὋ  

xj, yj and zj =x, y and z coordinate respectively, in m, of the point j on the upper boundary of 

the tank or ballast hold. 

The location and type of loads of the internal pressure due to either dry bulk cargo or ballast 

load for each loading condition, are illustrated in the following Table. It should be noted that the Rules 

suggest to study three separate loading schemes for the Heavy Ballast condition (IACS 2024, Ch. 4, 

Sec. 8, §5.2.1, Table 25). However, since a specific ship is studied, the loading conditions examined 

will  be those described at the Trim and Stability Booklet of this specific ship, but if this process is 

carried out at the design stage of a ship, it is suggested to examine all three loading schemes suggested 

in the Rules. 

Table 4.5: Type and location of loads; Internal pressure (for (a) and (b) cases) for each loading condition studied as 

described in the ñTrim & Stability Bookletò of the case study vessel 

Internal pressure applied for each loading condition studied 

Homogeneous 

 

Dry bulk cargo load:  

Fill 100% 

Applied at: 3 holds (1 + 1 +1) 

(No 5,6,7) 
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Alternate 

 

Dry bulk cargo load:  

Fill 54.3%  

Applied at: 2 outer holds  

(No 5,7) 

Normal 

Ballast 

 

Ballast load:  

Fill 100% 

T/S &D/B 

Applied at: ballast holds (Topside & 

Double bottom) 

Applied at 3 holds (No 5, 6, 7) 

Heavy Ballast 

 

Ballast load:  

Fill 100% 

T/S &D/B + Cargo hold No. 6  

Applied at: ballast holds (Topside & 

Double bottom) of Hold No.5 

Ballast pressure applied at Cargo hold 

No6 

 

c) Static and dynamic sea pressure (Pex) for each loading condition is to be taken as (IACS 2024, 

Ch. 4, Sec. 5, §1.4): 

Pex=Ps+Pw      (3) 

Where: 

Ps= Hydrostatic pressure, in kN/m2, defined in IACS 2024, Ch. 4, Sec. 5, §1.2 

Pw= Hydrodynamic pressure, in kN/m2, is defined in IACS 2024, Ch. 4, Sec. 5, §1.4.2 to §1.4.6 

The pressures that accrue from Equations (1), (2) and (3) are applied in the finite element model 

generated in Abaqus/CAE through a tool called ñMapped Fieldò, which allows you to define spatially 

varying parameter values from an external data source. 

Hydrodynamic pressure for BSR load cases 

 Wave pressure, in kN/m2 

Load case z Ò TLC TLC < z Ò 2 hW + TLC z > 2 hW + TLC 

BSR-1S PW = max (PBSR, ɟg(z - TLC)) ὖὡ 
 ὖὡȟὡὒ
ρ

ς
 ”Ὣ ᾀ ɀ Ὕὒὅ 

  

Pw=0.0 

BSR-2S PW = max (- PBSR, ɟg(z - TLC)) 

ὖὄὛὙ ρπώ ίὭὲ— πȢψψ Ὢὴ ὅύ   Ὢ ρ  

Where 

fp: coefficient taken as fp= ffa[(0.21 + 0.04 fT) ï (12 fT ï 2) B × 10ï4] 

ɚ: Wave length of the dynamic load case, in m, to be taken as: ‗ Ὕ  

Hydrodynamic pressure for BSP load cases 

 Wave pressure, in kN/m2 

Load case z Ò TLC TLC < z Ò 2 hW + TLC z > 2 hW + TLC 

BSP-1S PW = max (PBSR, ɟg(z - TLC)) ὖὡ 
 ὖὡȟὡὒ
ρ

ς
 ”Ὣ ᾀ ɀ Ὕὒὅ 

Pw=0.0 

BSP-2S PW = max (- PBSR, ɟg(z - TLC)) 
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ὖὄὛὖτȢυ Ὢὴ Ὢώᾀ ὅύ     

Where 

fp: coefficient taken as fp= ffa[0.2 + (8 + 16 fT) × 10ï3] 

ɚ: Wave length of the dynamic load case, in m, to be taken as: ɚ=0.2(1 + 2 fT)L  

fyz: Girth distribution coefficient to be obtained from Table 25, p. 206, IACS 2024  

 

d) Vertical and horizontal wave and still water bending moments 

The value of the vertical wave bending moment is defined in IACS 2024, Ch. 4, Sec. 4, while 

the value of the horizontal wave bending moment is defined in IACS 2024, Ch. 4, Sec. 4. 

The vertical and horizontal bending moments are applied in independent points set outside of 

the model which are set to move to the neutral axis of the section once the analysis starts. The outer 

nodes of the longitudinal members at both end sections of the model are kinematically coupled with the 

aforementioned independent points. 

In these points, vertical and horizontal bending moments are applied. Horizontal bending 

moment is positive when it induces tensile stresses at the starboard and negative otherwise. Vertical 

bending moment is positive when it induces tensile stresses at the strength deck and negative otherwise.   

e) Vertical wave and still water shear force 

The value of the vertical wave shear force is defined in IACS 2024, Ch. 4, Sec. 4, §3.5.3. The 

loads will be applied accordingly after adjustment of the model.  

Adjustment of hull girder loads 

In the following figure the path from the application of loads until the acquisition of the 

developed stresses at the hot spot locations is presented. 
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Figure 4.6: Schematic representation of the path from load application until acquisition of stresses for the fatigue analysis 

Further down, the process of adjustment is examined.  

Adjustment of hull girder shear force 

For the adjustment of the hull girder shear force, two methods are available (CSR-H, 2024 

- Method 1 (M1): for shear force adjustment at one bulkhead of the mid-hold, and 

- Method 2 (M2): for shear force adjustment at both bulkheads of the mid-hold 

For the considered FE load combination, the method to be applied is to be selected as follows: 

For maximum shear force load combination (Max SFLC), the method 1 applies. In the present 

study, according to Table 25 p. 307 (CSR, 2024), none of the loading conditions studied aim at 

maximising the shear force loading combination. Therefore, Method 2 will be applied. 

Method 2 for vertical shear force adjustment at both bulkheads 

The required adjustments in shear force at both transverse bulkheads of the mid-hold are to be 

made by applying: 

- Vertical bending moments, My_aft, My_fore at model ends and, 

- Vertical loads at the transverse frame positions (floors) in order to generate vertical shear 

forces, ȹQaft and ȹQfwd, at the transverse bulkhead positions. 

ὓώ
ὼὪέὶὩὼὥὪὸ

ς
ᶻ
ὗ ὗ ὗ ὗ

ς
 

ὓώ ὓώ  

Ўὗ
ὗ ὗ ὗ ὗ

ς
 

Ўὗ Ўὗ  
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where: 

My_aft, My_fore: Vertical bending moment, in Nm, to be applied at the aft and fore ends in 

accordance with Ch. 7, Sec. 2, §4.4.10 (CSR, 2024) to enforce the hull girder vertical shear force 

adjustment. The sign convention is that of the FE model axis. 

ȹQaft : Adjustment of shear force, in N, at aft bulkhead of mid-hold. 

ȹQfwd : Adjustment of shear force, in N, at fore bulkhead of mid-hold. 

Qaft : Vertical shear force, in N, due to local loads at aft bulkhead location of mid-hold, xb_aft, 

resulting from the local loads calculated at Step 1. Since the vertical shear force is discontinued at the 

transverse bulkhead location, Qaft is the maximum absolute shear force between the stations located 

right after and right forward of the aft bulkhead of mid-hold. 

Qfwd : Vertical shear force, in N, due to local loads at the forward bulkhead location of mid-

hold, xb-_fwd, resulting from the local loads calculated at Step 1. Since the vertical shear force is 

discontinued at the transverse bulkhead location, Qfwd is the maximum absolute shear force between 

the stations (i.e. web floor plates) located right after and right forward of the forward bulkhead of mid-

hold. 

Qtarg-fwd, Qtarg-aft: Target hull girder shear force at the forward and aft bulkhead of the mid-

hold calculated according to Ch. 7, Sec. 2, §4.3.3 (CSR, 2024). 

Vertical Bending Moment Adjustment 

In case the target vertical bending moment needs to be reached, an additional vertical 

bending moment is to be applied at both ends of the cargo hold FE model to generate this target 

value in the mid-hold of the model. 

This end vertical bending moment is given as follows: 

ὓ ὓ ὓ  

Mv-end: Additional vertical bending moment to be applied to both ends of FE model, 

Mv-targ: Hogging (positive) or sagging (negative) vertical bending moment 

Mv-peak: Maximum or minimum bending moment within the length of the mid-hold due 

to the local loads and due to the shear force adjustment. Mv-peak is to be taken as the maximum 

bending moment if Mv-targ is hogging (positive) and as the minimum bending moment if Mv-targ 

is sagging (negative). 

Horizontal Bending Moment Adjustment 

In case the target horizontal bending moment needs to be reached, an additional horizontal 

bending moment is to be applied at the ends of the cargo tank FE model to generate this target value 

within the mid-hold. The additional horizontal bending moment is to be taken as: 

ὓ ὓ ὓ  



61 

 

Where: 

Mh-end: Additional horizontal bending moment to be applied to both ends of the FE model 

Mh-targ: Target horizontal bending moment 

Mh-peak: Maximum or minimum horizontal bending moment within the length of the mid-hold 

due to the local loads. 

The shear force, vertical bending moment and horizontal bending moment adjustment diagrams 

for all load cases and loading conditions are presented in Appendix 2. 

Boundary conditions 

Based on IACS, in order to directly apply the aforementioned loads to the model, proper 

boundary conditions have to be applied. The boundary conditions consist of the rigid links at model 

ends, point constraints and end-beams.  

The end beams are applied in order to simulate the warping constraints from the cut-out 

structures at both ends of the cargo hold model. Under torsional load, this out of plane stiffness acts as 

warping constraint (DNV GL AS, 2016, §3.2.2). In the present study torsional load will not be applied 

because ñOSTò EDW is not examined, therefore end beams will not be inserted.  

Regarding the MT-end that is instructed to be applied at the x-rotation of the aft end, the target 

hull girder torsional moment needs to be calculated which is determined for the dynamic load cases 

OST and OSA (DNV GL AS, 2016, §6.2.4). Since these are not included in this study, MT-end will not 

be applied and the x-rotation is fixed.  

For the fore end, the x-translation constraint is applied to the intersection between centerline 

and inner bottom at fore end to ensure the structure has enough support (DNV GL AS, 2016, §3.2.1). 

The nodes at the ends of the longitudinal members adjoining both end-sections are rigidly 

linked to independent points that lie in the neutral axis of the section at centerline. Rigid link between 

the nodes will  keep the distance between them constant. The rotations at the nodes, if they exist, are not 

involved in this constraint (Abaqus, 2017). The support condition of the independent points are 

documented in Table 4.6.  

Table 4.6: Support condition of the independent point 

Location of the independent point Translational Rotational 

Dx Dy Dz Rx Ry Rz 

Independent point on aft end of the 

model 

- Fix Fix Fix - - 

Independent point on fore end of 

the model 

- Fix Fix Fix - - 

Intersection of the centreline and 

inner bottom at fore end 

Fix - - - - - 
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4.4.4 Loads and Boundary Conditions for the Sub-model  

The sub-model runs as a separate analysis. The only link between the sub-model and the cargo 

hold model is the transfer of the variables to the relevant boundary nodes (the ñdriven nodesò) of the 

sub-model. More specifically, the displacements of the analysis of the cargo hold model to the region 

of the sub-model acted as boundary conditions and loading to the sub-model. Only these displacements 

were taken into consideration to the analysis (IACS 2024, Ch. 7, Sec. 3, §4).  

 

Figure 4.7: Application of the boundary conditions at the submodel 

4.4.5 Establishment of fatigue stress range and fatigue damage 

Further down, the process that was implemented to calculate the hot spot stress as introduced 

by IACS (2024) is explained. The background for the procedure is explained by Lotsberg et al., 2008, 

(I. Lotsberg, T. A. Rundhaug, H. Thorkildsen, Å. BṨe & T. Lindemark (2008) A procedure for fatigue 

design of web-stiffened cruciform connections, Ships and Offshore Structures, 3:2, 113-126, DOI: 

10.1080/17445300701797145).  

Table 4.7: Hot spot stress calculation 

Hot spot location Hot spot stress 

calculation 

Stress read out point Applies to 

Web-stiffened cruciform 

joints: Hot spots in way of 

web (IACS2024, Ch. 9, 

Sec. 5, §4.3.1) 

 

„ὌὛ„ὛὬὭὪὸ 

ůShift=Maximum 

principal surface stress  

The principal stress at the 

hot spot is calculated 

from the extrapolated 

component 

values (Principal stress 

within an angle ± 45o to 

the normal to the weld) 

(CN30.7, 2014, §10.3.1, 

p. 64) 

ὼὛὬὭὪὸ
ὸ  

ς
ὼ  

Welded lower hopper 

knuckle connection:  

Hot spot 5: Side girder 

Radiused lower hopper 

knuckle connection:  

Hot spot 4: Hopper web, 

outboard of side girder,  

Hot Spot 5: Hopper web, 

inboard of side girder 
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Bent hopper knuckle 

(IACS2024, Ch. 9, Sec. 5, 

§3.3) 

 

„ὌὛ„ὛὬὭὪὸ 

ůShift=Surface principal 

stress, in N/mm2, at the 

shifted read out position 

and taken as: 

„ὛὬὭὪὸ
„ὓὩάὦὶὥὲὩὼὛὬὭὪὸ
„ὄὩὲὨὭὲὫὼὛὬὭὪὸ 

ὼὛὬὭὪὸ
ὸ  

ς
ὼ  

Radiused lower hopper 

knuckle: 

Hot spot 1: Inner bottom 

plate on ballast tank side, 

inboard of the side girder 

Hot spot 2: Radiused 

hopper sloping plate on 

ballast tank side 

outboard of the side 

girder 

Hot spot 3: Radiused 

hopper sloping plate on 

ballast tank side, outboard 

of the 

side girder, towards 

transverse web 

Web stiffened cruciform 

joint:  

Hot spot stress at the 

flange (IACS2024, Ch. 9, 

Sec. 5, §4.2) 

 

„ὌὛρȢρςz„ὛὬὭὪὸ 

ůShift=Surface principal 

stress, in N/mm2, at the 

shifted read out position 

and taken as: 

„ὛὬὭὪὸ

„ὓὩάὦὶὥὲὩὼὛὬὭὪὸ

πȢφ

„zὄὩὲὨὭὲὫὼὛὬὭὪὸ

‍z 

ɓ : Plate angle hot spot 

stress correction 

factor=135o, taken as: 

‍

πȢωφ πȢρσ
ὼ

ὸ

πȢςz
ὼ

ὸ
 

 

 

 

ὼὛὬὭὪὸ
ὸ

ς
ὼ  

Welded lower hopper 

knuckle connection: 

Hot spot 1: Inner bottom 

plate, on cargo tank side 

Hot spot 2: Hopper 

sloping plate, on cargo 

tank side 

Hot spot 3: Inner bottom 

plate, on ballast tank side 

Hot spot 4: Hopper 

sloping plate, on ballast 

tank side 

 

 

Type ôbô hot spot: hot spot 

located at a plate edge 

(IACS2024, Ch. 9, Sec. 5, 

§3.1) 

„ὌὛρȢρςz„ὛὬὭὪὸ 

ůShift=Surface principal 

stress, in N/mm2, at an 

absolute distance from 

the intersection line of 5 

mm 

 

 
Absolute distance from the 

intersection line of 5 mm (In this 

case, tn-50=10mm) 

Lower side frame bracket 

toe connection: 

Hot spot 2: Hold frame 

toe in way of face plate 

termination 

Side framing bracket to 

upper sloping connection: 

Hot spot 2: Hold frame 

toe in way of face plate 

termination 

Welded lower hopper 

knuckle connection:  

Hot spot 6: Scarfing 

bracket to the inner 

bottom plate 

Type ôaô hot spot: hot spot 

located at a plate surface 

(IACS2024, Ch. 9, Sec. 5, 

§3.1) 

„ὌὛρȢρςz„ὛὬὭὪὸ 

ůShift=Surface principal 

stress, in N/mm2,  

 

Absolute distance from the 

intersection line of 5 mm (In this 

case, tn-50=10mm). 

 

Lower side frame bracket 

toe connection: 

Hot spot 1: Hopper 

sloping plate in way of 

hold frame toe 

Side framing bracket to 

upper sloping connection: 

Hot spot 1: Topside 

sloping plate in way of 

hold frame toe 
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After the abovementioned calculations, hot spot stress range is obtained.  Therefore, fatigue 

stress range is calculated as follows. 

ȹůFS, (j)= maxi (ȹůFSi(j)) 

Where:   

ȹůFSi(j) denotes the fatigue stress range, in N/mm², for load case (i) of loading condition (j).  

For web-stiffened connections, the fatigue stress range would be: 

ȹůFS, (j)=fw*f s*max (ȹůFS1 i(j), ȹůFS2 i(j))                                                                                                    (6) 

where  

fw= Correction factor for the effect of stress gradient along weld line given as 0.96 

fs= Correction factor for the effect of supporting member given as 0.95 

ȹůFS1, i(j)= Fatigue stress range, in N/mm2, due to the principal hot spot stress range ȹůHS1 i(j) 

ȹůFS1, i(j)= fmean1, i(j)*f thick*f c*  ȹůHS1, i(j) 

ȹůFS2, i(j)= Fatigue stress range, in N/mm2, due to the principal hot spot stress range ȹůHS2 i(j) 

ȹůFS2, i(j)= 0.9*fmean2, i(j)*f thick*f c*  ȹůHS2, i(j) 

fmean, i(j)= Correction factor accounting for mean stress (IACS 2024, Ch. 9, Sec. 3, §3.2.4) 

f thick= Correction factor for plate thickness effect (IACS 2024, Ch. 9, Sec. 3, §3.3) 

fc= Correction factor for the hull girder stresses calculated by FE (or simplified) analysis equal 

to 0.95. 

ȹůHS1, i(j)= Principal hot spot stress ranges, in N/mm2, due to dynamic loads for load case (i) of 

loading condition (j) which acts within ±45° of the perpendicular to the weld toe, for the two types of 

shell elements (4-node or 8-node).  

ȹůHS2, i(j)= Principal hot spot stress ranges, in N/mm2, due to dynamic loads for load case (i) of 

loading condition (j) which acts outside ±45° of the perpendicular to the weld toe, for the two types of 

shell elements (4-node or 8-node).  

The elementary fatigue damage for each fatigue loading condition (j) is to be calculated 

independently for both protected in-air environment and unprotected corrosive environment, based on 

the fatigue stress range obtained for the predominant load case as follows (IACS 2024, Ch. 9, Sec. 3, 

§5.2.1). 
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Where: 

ND = Total number of wave cycles experienced by ship during the design fatigue life, equal to 

ὔὈ σρȢυυχzρπz Ὢέz ὝὈȾτὰέὫὒ 

fo =Factor taking into account time in seagoing operations excluding time in loading and 

unloading, repairs, etc., equal to 0.85. 

aj = Fraction of time depending on the loading condition (IACS 2024, Ch 9, Sec.1, Table 3) 

ȹůFS, (j) = Fatigue stress range at the reference probability level of exceedance of 10-2, in N/mm2. 

NR = Number of cycles corresponding to the reference probability of exceedance of 10-2. NR= 100 

ɝ =Weibull shape parameter equal to 1.0  

ũ(x) =Complete gamma function 

K2 = Constant of the design S-N curve, as given in IACS 2024, Ch. 9, Sec. 3, Table 2 for in-air 

environment and in IACS 2024, Ch. 9, Sec. 3, Table 3 for corrosive environment. 

ɛ(j) = Coefficient taking into account the change of inverse slope of the S-N curve, m. 

The combined fatigue damage in protected in-air environment and unprotected corrosive 

environment for each loading condition (j) is to be calculated as follows: 

╓▒ ╓╔ȟ╪░►▒ᶻ
╣╓ ╣╒
╣╓

╓╔ȟ╬▫►►▒ᶻ
╣╒
╣╓

 

Where: 

DE, air(j) =The elementary fatigue damage for in-air environment for loading condition (j) 

DE, corr(j) = The elementary fatigue damage for corrosive environment for loading condition (j) 

The total fatigue damage for all applicable loading conditions is calculated as follows (IACS 

2024, Ch. 9, Sec. 3, §5.4.1): 

╓ ╓╙

▪╛╒

╙

 

Where: 

Dj= Combined fatigue damage for each applicable loading condition 

The fatigue life TF, is taken as (IACS 2024, Ch. 9, Sec. 3, §5.5.3): 
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4.5 Results of the fatigue analysis 

4.5.1 Fatigue life at hot spots 

In Table 4.8 the stress range values are depicted for each of the Hot Spots in each loading 

condition and for both ñBSRò and ñBSPò EDWs. For Homogeneous condition, OST load case has been 

added in order to better establish that it does not provide the maximum stress range value for the loading 

condition studied. For each loading condition the predominant load case, whose values are kept for the 

fatigue life calculations, is the one where maximum stress range accrues. The value highlighted in bold 

for each loading condition is the maximum value that accrues between the two EDWs and is the one 

used for the fatigue life calculations. The values of stresses for each load case and loading condition are 

provided in the Appendix. 

Table 4.8: Fatigue stress range (MPa) for each loading condition at each EDW for the Hot Spot locations studied 

O
R

IG
IN

A
L

 C
O

N
F

IG
U

R
A

T
IO

N
 

Loading 

condition 

EDW Top Inner 

Bottom 

Top 

Hopper  

Bottom 

Inner 

Bottom 

Bottom 

Hopper 

Side 

Girder  

Bracket 

ȹůFS (Mpa) ȹůFS (Mpa) ȹůFS (Mpa) ȹůFS 

(Mpa) 

ȹůFS 

(Mpa) 

ȹůFS 

(Mpa) 

Homogeneous BSR 7.1 17.7 17.7 8.2 10.1 16.8 

BSP 29.0 42.5 28.3 42.2 14.4 7.0 

OST 21.7 18.8 16.8 28.8 12.8 14.9 

Alternate BSR 6.6 12.6 9.4 18.0 2.0 7.2 

BSP 146.4 104.2 147.0 104.6 117.2 31.9 

Normal Ballast BSR 27.0 25.2 26.4 25.6 8.5 3.7 

BSP 74.0 68.2 73.5 68.2 3.5 12.6 

Heavy Ballast BSR 58.6 59.2 58.5 59.8 69.9 48.5 

BSP 53.2 7.1 47.6 7.7 13.0 18.3 

 

Having established the EDW that will be used at each loading condition from which the stress 

range values will be used, the calculations proceed and the elementary fatigue damage ratio at each 

loading condition is identified. Then, the cumulative fatigue damage ratio is established and fatigue life 

of each Hot Spot is identified. The aforementioned are documented in Table 4.9. 
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Table 4.9: Elementary fatigue damage at in-air environment and in corrosive environment, and fatigue life for the hot spot 

locations studied 
O

R
IG

IN
A

L
 

C
O

N
F

IG
U

R
A

T
IO

N
 

Hot spots Dair  Dcorr  Tf (years) 

Top Inner Bottom 2.42 5.15 12.80 

Top Hopper  0.99 2.34 19.31 

Bottom Inner Bottom 2.21 4.57 13.22 

Bottom Hopper 1.02 2.36 19.12 

Side Girder 1.18 2.61 17.79 

Bracket 0.08 0.17 >100 

 

From Table 4.9 it is identified that the overall fatigue life of the detail lies at 12.8 years which 

is significantly lower than the ship's design fatigue life set at 25 years. Also, it is noted that all Hot Spot 

locations studied, apart from the bracket location, provide low fatigue life. These locations are 

considered as critical.  

4.6 Concluding remarks 

In the present chapter a fatigue analysis was conducted at the lower hopper knuckle connection 

of a bulk carrier. Dynamic loading was applied by implementing the equivalent design wave concept. 

First, a cargo hold model was generated and then a fine mesh submodel, which included the area of 

interest, was extracted. The fatigue life in all hot spots indicated by IACS was calculated. All steps  of 

the fatigue analysis have been described in detail which will be of use when performing fatigue analyses 

of other parts of the ship. 

During the application of dynamic loading in the cargo hold analysis, it was identified that the 

beam sea condition is the one which induces fatigue damage in the detail because its effect is the 

maximization/minimization of the transverse stress component which causes fatigue damage to the 

detail. Also, it was noticed that the Alternate loading condition is the one in which the highest stress 

range arises, in the connection for Hot Spot locations studied. High stress ranges were also developed 

at the Ballast loading conditions. At the end of the fatigue analysis, the fatigue life in way of the hot 

spot locations studied was calculated. The critical fatigue life of the case study detail was found to be 

equal to 12.8 years. This is significantly lower than the design fatigue life of the ship (25 years). 

In the next chapter the proposed methodology is applied by identifying the structural members 

of the detail that affect the development of high stress values at these two hot spot locations. 
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4.7 Appendix 1: Hot spot stress values 

The stress values (in MPa) for each load case and loading condition as obtained directly from 

the FE model are presented in the following Table. It should be noted that SMEM stands for membrane 

stress while SBEN stands for bending stress. 

Hot spot: Top layer of Inner bottom plate 
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Hot spot: Bottom layer of Inner bottom plate 

 

 

 

 

 

 

 

 

 
Hot spot: Top layer of Hopper plate 
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Hot spot: Bottom layer of Hopper plate 
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Hot Spot: Side Girder 
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Hot Spot: Scarfing bracket to the inner bottom plate 
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4.8 Appendix 2: Shear force, Vertical Bending Moment and Horizontal Bending moment 

adjustment diagrams 

 

Homogeneous Loading condition-BSR load case 

  

 
 

 

 

 

Homogeneous loading condition -BSP load case 
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Homogeneous OST load cases 
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Alternate loading condition -BSR load case 

  

  

 
 

 

Alternate loading condition BSP load case 
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Normal Ballast BSR load case 
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Normal Ballast loading condition BSP load case 
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Heavy Ballast loading condition BSR load case 

  

  

 
 

 

Heavy Ballast loading condition BSP load case 
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