
ScienceDirect

Available online at www.sciencedirect.com

Procedia Structural Integrity 47 (2023) 812–819

2452-3216 © 2023 The Authors. Published by ELSEVIER B.V.
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0)
Peer-review under responsibility of the IGF27 chairpersons
10.1016/j.prostr.2023.07.038

10.1016/j.prostr.2023.07.038 2452-3216

© 2023 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0)
Peer-review under responsibility of the IGF27 chairpersons

 

Available online at www.sciencedirect.com 

ScienceDirect 

Structural Integrity Procedia 00 (2019) 000–000  
www.elsevier.com/locate/procedia 

 

2452-3216 © 2023 The Authors. Published by ELSEVIER B.V.  
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0) 
Peer-review under responsibility of the IGF27 chairpersons  

27th International Conference on Fracture and Structural Integrity (IGF27) 

Application of the limit design state to hull-girder ultimate strength 
evaluations on the ship-shaped structures 

Imaduddin Faqiha, Aditya Rio Prabowoa,*, Ristiyanto Adiputrab,*, Nurul Muhayata, 
Moritz Braunc, Sören Ehlersd 

a Department of Mechanical Engineering, Universitas Sebelas Maret, Surakarta 57126, Indonesia 
b Research Center for Hydrodynamics Technology, National Research and Innovation Agency (BRIN), Surabaya 60112, Indonesia 

c Institute of Maritime Energy Systems, German Aerospace Centre (DLR), Geesthacht 21502, Germany                                                       
d Institute for Ship Structural Design and Analysis, Hamburg University of Technology, Hamburg 21073, Germany 

Abstract 

This paper evaluates limit state design in ship-shaped steel structures. Limit state design is divided into four categories, namely 
serviceability limit state (SLS), ultimate limit state (ULS), fatigue limit state (FLS), and accidental limit state (ALS). The four 
categories represent the conditions that can occur throughout the design's service lifetime. ULS will be described in more detail 
using a ship-shaped structure as the basis for discussion. ULS represents a structural failure both in whole and in part that can 
decrease the strength of the structure. Determination of ULS values in ship-shaped structures is carried out by comparing total 
loads with the ultimate limit state. There are various methods to determine the ultimate strength of a ship-shaped structure, one of 
which is to use the Smith's method. This method considers the ultimate strength of the ship-shaped structure by first reducing the 
overall structure to a hull girder. The hull girders are further categorized into stiffener, stiffened plate, or hard corner elements. 
Each of these categories is then taken into account separately before being reunited. To improve the accuracy of calculating the 
ultimate strength of hull girder (HGUS), many studies have been carried out by adding variables in the determination of HGUS, 
such as corrosion, non-uniform uniaxial thrust, and initial imperfection effect at each structure member. 
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1. Introduction 

Structural design is the most important process in the process of making the overall design of a product [Dabit et 
al., 2020; Nubli et al., 2022]. In the design process, especially structures, it is necessary to consider the design's ability 
to withstand operational loads and environmental and unexpected accidents throughout the expected lifetime. 
Throughout the expected lifetime, a structure will be exposed to various conditions that will decrease its strength and 
durability. This condition will have a greater influence on moving structures such as ship vessels. Based on a European 
Marine Safety Agency report, throughout 2020, there were 2837 shipwrecks with 675 people injured and 38 victims 
[EMSA, 2021]. In the process of structural design, there is a limit state that can be used to test the feasibility of the 
structure; the limit state consists of a serviceability limit state (SLS), ultimate limit state (ULS), fatigue limit state 
(FLS) and accidental limit state (ALS) [Paik and Thayambali, 2007].  These limit states represent conditions that can 
affect the strength and feasibility of the structure throughout the expected lifetime. SLS represents the criteria for the 
structure's ability to support operational use needs. ULS represents failures that may occur in structures or components 
due to loads on the structure. In this paper, ULS will be discussed further. FLS represents the accumulation of damage 
as the effect of repeated actions that can cause cracks in the structure. ALS represents abnormal and unpredictable 
conditions such as collisions and the like. The most important thing in determining ULS design is accurately 
calculating each component's buckling strength in the structure [Paik, 2018]. Even so, it is worth highlighting the plate 
structure with the backburner of each component working by influencing each other. This calculates buckling strength 
on the plate structure complex. Basically, in the calculation of buckling strength, the more complex the calculation, 
the higher the accuracy. However, simplification in buckling strength calculations can be done without reducing its 
accuracy much, with a note of paying attention to its conditions and needs. The empirical formulation is the most 
efficient but accurate method for predicting buckling or ultimate strength in a structure [Kim et al., 2018]. 

In the case of ship vessels, as a reinforced plate, the determination of buckling strength is taken into account by 
uniting the entire component. The unification of the buckling strength of each component into the structure can be 
represented using Hull Girder Ultimate Strength (HGUS) [Adiputra et al., 2023]. There are various methods of 
determining HGUS that have been developed so far. Caldwell [1965] formulated the HGUS calculation formula by 
looking at the bending moment value caused by reducing stress in vessels under longitudinal bending. Ueda and 
Rashed [1991] developed an idealized structural unit method (ISUM) that analyzes the structure by separating each 
member, such as support members, beam-columns, rectangular plates, and stiffened panels. Smith [1977] formulated 
formulas that have been replicated quite a lot to date, one of which is by the International Association of Classification 
Societies at IACS-CSR [2022]. Smith [1977] formulated HGUS by applying the progressive collapse method. In 
Smith's formulation, the hull girders are categorized separately into a combination of plate-stiffener beam-column 
components. In this paper, the calculation of HGUS, especially Smith's method, will be explained further. 

2. Limit State Design 

During its service time, a structure, especially a ship-shaped moving structure, will experience degradation caused 
by various things. Paik [2018] describes several factors that significantly influence structural degradation. The factors 
are as follows: 

 Geometric factors include structural characteristics, buckling, deformation, and bending. 
 Material factors include metal phase composition and mechanical properties. 
 The fabrication and merging processes related to initial imperfections are mainly due to the welding process 

between each component. 
 The temperature factor is mainly extreme heat or cold for a long time. 
 Impact factors, including collisions with hard objects, waves, or falling objects that hit the structure directly. 
 Human factors, such as misuse [Montewka et al., 2017; Ahn et al., 2022]. 
 Degradation factors due to lifespan, such as reduced thickness due to corrosion and cracking due to fatigue 

[Fajri et al., 2021;2021; Bintaro et al., 2021]. 
 Accident damage factors, such as collision, grounding, explosion, and fire damage [Kim et al., 2021; Kim et 

al., 2022; Nubli et al., 2022; Prabowo et al., 2019; 2020; 2021; 2022; Zhang et al., 2022; Tunçel et al., 2023]. 
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All of these factors can be represented in limit state design which is then categorized into serviceability limit state 
(SLS), ultimate limit state (ULS), fatigue limit state (FLS), and accidental limit state (ALS) [Paik and Thayambali, 
2007]. Research on limit state design, especially on stiffened plates, only began in the early 1970s when there were 
many bridge failures in Europe [Bedair, 2009].  The Merrison Committee of Enquiry [1973] investigated the design 
and construction procedures on three collapsed steel box girder bridges. Based on the investigation, it was concluded 
that the design rules for stiffened panels were insufficient.   

The partial safety factor determines the structure's safety capacity against the limit state design. The partial safety 
factor is a method to obtain the safety level of structure design by applying load and resistance factors that represent 
the capacity of the design and design needs during service time [Folley, 2016].  In determining safety factors, the 
nominal value of capacity (Ck) and nominal value of demands (Dk) is expressed as the mean value of the random 
variable. Meanwhile, design capacity (Cd) and design demands (Dd) are stated to follow the specified percentage of 
the area under the random variable curve. A design can be declared safe if the value of the partial safety factor is 
greater than 1 (� � 1). The value of partial safety factor can be expressed as follows: 
� � ��

�� �
�

����
��
�� � 1  (1) 

Where 𝛾𝛾� is the partial safety factor associated with capacity, and 𝛾𝛾� is the partial safety factor associated with 
demand. 

3. Ultimate Limit State 

The ultimate limit state (ULS) in the structure represents the structure collapse of either part or all of the components 
due to various loads' loss of stiffness and strength. ULS is closely related to the loss of structural equilibrium, the 
achievement of the maximum resistance value of the structure, and the structure's instability due to the collapse of 
support members and plating [Paik, 2018]. In the structure of plate stiffener, calculation can be simplified by basing 
the ULS value on the ultimate strength derived from the buckling strength of each member.  

       
(a)                                                                                               (b) 

Fig 1. Illustration of the limit state: (a) structural design based on the ultimate limit state, and (b) collapse condition when design resistance (R) is 
less than effect of actions (E) (Nathoo, 2017). 

In Fig.  1 buckling strength value is represented as point A, and the ultimate strength is represented as point B. In 
reality, the accurate value of ultimate strength or the true ultimate strength cannot be known for certain. This makes 
the safety margin almost inaccurate as well. The following formula can be used to determine ULS using Eq. 2 [Paik 
and Thayambali, 2007]. 
𝐶𝐶� � 𝐷𝐷� � 0  (2) 
𝐶𝐶� represents the value of ultimate strength and 𝐷𝐷� represents working loads and stress about structure. In a ship-

shaped structure where the structure was subjected to multiple loads components must be stated as the corresponding 
interaction functions while taking the results of coupled actions into account. Specifically, the ULS value for ship-
shaped structures subject to bending moment can be stated as follows [Paik and Thayambali, 2007]: 
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��
�� � ��𝑀𝑀�� � ��𝑀𝑀��  (3) 

 
Where 𝑀𝑀�  is the ultimate bending moment, 𝑀𝑀��  is the still-water bending moment, 𝑀𝑀��  is the wave-induced 

bending moment and γu, γsw, γw is a partial safety factor for each bending moment. γu, γsw, γw values must be greater 
than one or greater than the specific rules of each type of ship structure to be safe. Based on IACS-CSR [2022], 𝑀𝑀�� 
and 𝑀𝑀�� divided into two calculations based on the conditions imposed on hull.  
 
For hogging (Eqs. 4-5) 
𝑀𝑀�������� � 𝑓𝑓���171𝐶𝐶�𝐿𝐿�𝐵𝐵�𝐶𝐶� � 0.7� �𝑀𝑀���������  (4) 
𝑀𝑀�������� � 0.19𝑓𝑓�����𝑓𝑓�𝑓𝑓�𝐶𝐶�𝐿𝐿�𝐵𝐵𝐵𝐵�  (5) 
 
For sagging (Eqs. 6-7) 
𝑀𝑀�������� � �0.85𝑓𝑓���171𝐶𝐶�𝐿𝐿�𝐵𝐵�𝐶𝐶� � 0.7� � 𝑀𝑀���������  (6) 
𝑀𝑀�������� � �0.19𝑓𝑓�����𝑓𝑓�𝑓𝑓�𝐶𝐶�𝐿𝐿�𝐵𝐵𝐵𝐵�  (7) 

 
Failure in ship-shaped structures should ideally occur in a ductile state so that the structure is able to redistribute 

internal stress to all its members [Paik, 2018]. Thus, the structure is able to absorb more energy and last longer before 
it completely collapses. There are several conditions that need to be met in order for the structure to collapse in a 
buckling state, these conditions are: 
 Mechanical properties of materials, especially toughness, have met the requirements 
 Structural design and joints allow plastic deformation to occur 
 Each member of the structure forms an array that allows a decrease in the capacity of the structure not to occur 

suddenly. 
 There are no initial imperfections in the structure that can trigger structural failure. 

4. Ultimate Strength of Ship-Shaped Structures 

Ship-shaped structure is a structure based on plates that are given stiffeners or also known as stiffened plates. The 
occurrence of ultimate strength on stiffened plates can ideally be divided into 5 conditions: pre-buckling, buckling, 
post-buckling, collapse (ultimate strength), and post-collapse [Paik and Thayambali, 2007]. The buckling plate in the 
elastic zone will be stable, where additional loads can still be held by the structure until the structure is completely 
collapsed. Since there is little residual strength of the structure in the inelastic zone, the inelastic zone can be considered 
as the ULS of the stiffened plate. Ship-shaped structure failure is controlled by buckling, ultimate strength, and yielding 
of longitudinal structural elements. Determining the ultimate strength of a ship-shaped structure can be done using a 
variety of methods. One of the accurate and most effective methods is to use empirical formulations. Empirical 
formulations of ship-shaped structures are usually done by dividing the overall structure into hull girders. One 
empirical formulation that is pretty much used and replicated and also developed is Smith's method. In Smith's method, 
the ultimate strength of the hull girder (HGUS) value is analogous to the hull girder bending moment.  

HGUS calculations using Smith's methods that have been replicated in IACS-CSR [2022] are based on a 
progressive collapse that occurs in hull girders. Progressive collapse is analogous to an increase in bending moments 
as an effect of hogging or sagging conditions received by ships during service lifetime. The bending moment accretion 
is analogous to curvature (𝑥𝑥) which can be formulated as follows: 
𝑥𝑥� � �𝑥𝑥 � 0.01 ���

�
�

�����  (8) 

Where: 
𝑅𝑅��� : minimum yield stress, in N/mm2, of the plate 
𝑍𝑍� : Z coordinate, in m, of strength deck at side 
𝑍𝑍� : Z coordinate, in m, of each n curvature 
𝐸𝐸 : Modulus Young, in N/m2 
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that the design rules for stiffened panels were insufficient.   

The partial safety factor determines the structure's safety capacity against the limit state design. The partial safety 
factor is a method to obtain the safety level of structure design by applying load and resistance factors that represent 
the capacity of the design and design needs during service time [Folley, 2016].  In determining safety factors, the 
nominal value of capacity (Ck) and nominal value of demands (Dk) is expressed as the mean value of the random 
variable. Meanwhile, design capacity (Cd) and design demands (Dd) are stated to follow the specified percentage of 
the area under the random variable curve. A design can be declared safe if the value of the partial safety factor is 
greater than 1 (� � 1). The value of partial safety factor can be expressed as follows: 
� � ��

�� �
�

����
��
�� � 1  (1) 

Where 𝛾𝛾� is the partial safety factor associated with capacity, and 𝛾𝛾� is the partial safety factor associated with 
demand. 

3. Ultimate Limit State 

The ultimate limit state (ULS) in the structure represents the structure collapse of either part or all of the components 
due to various loads' loss of stiffness and strength. ULS is closely related to the loss of structural equilibrium, the 
achievement of the maximum resistance value of the structure, and the structure's instability due to the collapse of 
support members and plating [Paik, 2018]. In the structure of plate stiffener, calculation can be simplified by basing 
the ULS value on the ultimate strength derived from the buckling strength of each member.  

       
(a)                                                                                               (b) 

Fig 1. Illustration of the limit state: (a) structural design based on the ultimate limit state, and (b) collapse condition when design resistance (R) is 
less than effect of actions (E) (Nathoo, 2017). 

In Fig.  1 buckling strength value is represented as point A, and the ultimate strength is represented as point B. In 
reality, the accurate value of ultimate strength or the true ultimate strength cannot be known for certain. This makes 
the safety margin almost inaccurate as well. The following formula can be used to determine ULS using Eq. 2 [Paik 
and Thayambali, 2007]. 
𝐶𝐶� � 𝐷𝐷� � 0  (2) 
𝐶𝐶� represents the value of ultimate strength and 𝐷𝐷� represents working loads and stress about structure. In a ship-

shaped structure where the structure was subjected to multiple loads components must be stated as the corresponding 
interaction functions while taking the results of coupled actions into account. Specifically, the ULS value for ship-
shaped structures subject to bending moment can be stated as follows [Paik and Thayambali, 2007]: 
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��
�� � ��𝑀𝑀�� � ��𝑀𝑀��  (3) 

 
Where 𝑀𝑀�  is the ultimate bending moment, 𝑀𝑀��  is the still-water bending moment, 𝑀𝑀��  is the wave-induced 

bending moment and γu, γsw, γw is a partial safety factor for each bending moment. γu, γsw, γw values must be greater 
than one or greater than the specific rules of each type of ship structure to be safe. Based on IACS-CSR [2022], 𝑀𝑀�� 
and 𝑀𝑀�� divided into two calculations based on the conditions imposed on hull.  
 
For hogging (Eqs. 4-5) 
𝑀𝑀�������� � 𝑓𝑓���171𝐶𝐶�𝐿𝐿�𝐵𝐵�𝐶𝐶� � 0.7� �𝑀𝑀���������  (4) 
𝑀𝑀�������� � 0.19𝑓𝑓�����𝑓𝑓�𝑓𝑓�𝐶𝐶�𝐿𝐿�𝐵𝐵𝐵𝐵�  (5) 
 
For sagging (Eqs. 6-7) 
𝑀𝑀�������� � �0.85𝑓𝑓���171𝐶𝐶�𝐿𝐿�𝐵𝐵�𝐶𝐶� � 0.7� � 𝑀𝑀���������  (6) 
𝑀𝑀�������� � �0.19𝑓𝑓�����𝑓𝑓�𝑓𝑓�𝐶𝐶�𝐿𝐿�𝐵𝐵𝐵𝐵�  (7) 

 
Failure in ship-shaped structures should ideally occur in a ductile state so that the structure is able to redistribute 

internal stress to all its members [Paik, 2018]. Thus, the structure is able to absorb more energy and last longer before 
it completely collapses. There are several conditions that need to be met in order for the structure to collapse in a 
buckling state, these conditions are: 
 Mechanical properties of materials, especially toughness, have met the requirements 
 Structural design and joints allow plastic deformation to occur 
 Each member of the structure forms an array that allows a decrease in the capacity of the structure not to occur 

suddenly. 
 There are no initial imperfections in the structure that can trigger structural failure. 

4. Ultimate Strength of Ship-Shaped Structures 

Ship-shaped structure is a structure based on plates that are given stiffeners or also known as stiffened plates. The 
occurrence of ultimate strength on stiffened plates can ideally be divided into 5 conditions: pre-buckling, buckling, 
post-buckling, collapse (ultimate strength), and post-collapse [Paik and Thayambali, 2007]. The buckling plate in the 
elastic zone will be stable, where additional loads can still be held by the structure until the structure is completely 
collapsed. Since there is little residual strength of the structure in the inelastic zone, the inelastic zone can be considered 
as the ULS of the stiffened plate. Ship-shaped structure failure is controlled by buckling, ultimate strength, and yielding 
of longitudinal structural elements. Determining the ultimate strength of a ship-shaped structure can be done using a 
variety of methods. One of the accurate and most effective methods is to use empirical formulations. Empirical 
formulations of ship-shaped structures are usually done by dividing the overall structure into hull girders. One 
empirical formulation that is pretty much used and replicated and also developed is Smith's method. In Smith's method, 
the ultimate strength of the hull girder (HGUS) value is analogous to the hull girder bending moment.  

HGUS calculations using Smith's methods that have been replicated in IACS-CSR [2022] are based on a 
progressive collapse that occurs in hull girders. Progressive collapse is analogous to an increase in bending moments 
as an effect of hogging or sagging conditions received by ships during service lifetime. The bending moment accretion 
is analogous to curvature (𝑥𝑥) which can be formulated as follows: 
𝑥𝑥� � �𝑥𝑥 � 0.01 ���

�
�

�����  (8) 

Where: 
𝑅𝑅��� : minimum yield stress, in N/mm2, of the plate 
𝑍𝑍� : Z coordinate, in m, of strength deck at side 
𝑍𝑍� : Z coordinate, in m, of each n curvature 
𝐸𝐸 : Modulus Young, in N/m2 
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In the calculation of HGUS using Smith's method hull girder is divided into several parts. These parts are 
categorized into stiffener, stiffened plate, or hard corner elements [IACS-CSR, 2022]. Each of these categories is 
considered separately following the increase in curvature value. The calculation of each of these categories is as 
formulated in Eqs. 9 - 13. 

 Beam column buckling 
𝜎𝜎��� � ɸ𝜎𝜎�� ������ � �������

������ � ������   (9) 

 Torsional Buckling 
𝜎𝜎��� � ɸ������ ��� � ������ ���

������ � ������   (10) 

 Web local buckling of stiffeners made of flanged profiles 
𝜎𝜎��� � ɸ ����� ����  ���� � ���� ������ � �� �����������

�������� � �� ������ � �� ������   (11) 

 Web local buckling of stiffeners made of flat bars 
𝜎𝜎��� � ɸ������ ��� � ������ ���

������ � ������   (12) 

 Plate buckling 

𝜎𝜎��� � ��𝑛𝑛 �
𝑅𝑅���ɸ

ɸ𝑅𝑅��� ��ℓ �
�.��
�� � �.��

��²� �  0.1 �1 � �
ℓ� �1 � �

��²�
��   (13) 

Where: 
ɸ   : edge function 
𝜎𝜎��,�,�   : critical stress in N/mm2 for each respective buckling mode 
𝜎𝜎��   : buckling stress of attached plate in N/mm2 
𝑅𝑅���   : minimum yield stress, in N/mm2, of the plate 
𝐴𝐴�����   : net sectional area, in cm2, of stiffener 
𝐴𝐴�����   : net sectional area, in cm2, of attached plating 
𝐴𝐴������   : effective area, in cm2 
𝛽𝛽�, ℎ��   : effective width and height of the stiffener 
𝑡𝑡���, 𝑡𝑡�����, 𝑡𝑡����� : thickness of plate, flange and web respectively 
ℎ�   : net web thickness 
s   : ordinary stiffener spacing 
ℓ   : longer side of the plate in m 

𝛽𝛽�   : 10� �
���� �

� ����
�  

The buckling calculation that is used in Eqs. 9 - 13 is based on critical stress due to compression. The critical stress 
due to compression value varies by category but has the same basis of formulation, namely Euler's column formula. 
The Euler column formula in column buckling determines the critical buckling loads of a lengthy column with pinned 
ends. Euler column buckling formula formulated as follows:  
� � ��𝑛𝑛 � �

��   (14) 
Where: 
𝐸𝐸  : modulus of elasticity (N/mm2) 
𝐿𝐿 : length of column (m) 
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𝐼𝐼 : moment of Inertia (m4) 
𝑛𝑛 : factor counting for end conditions; where 𝑛𝑛 � 1 for column pivoted in both ends, 𝑛𝑛 � 4 for both ends fixed, 
𝑛𝑛 � 2 one end fixed, the other end rounded, 𝑛𝑛 � 0.25 one end fixed, one end free. 
Particularly for Eq.10, the Euler column buckling value derived from the equation as follows: 

𝜎𝜎�� � � ��
�� � �� � ��

�����   (15) 

Where: 
𝐼𝐼�  : polar moment of inertia about the shear center 
𝐼𝐼�  : St. Venant torsional constant 
𝑙𝑙�  : effective length with respect to warping 
𝐶𝐶� : warping constant 
𝐼𝐼� and 𝐶𝐶� values were calculated by adjusting the shape of the cross section. For a tee stiffener 𝐼𝐼� and 𝐶𝐶� as stated in 
Det Norske Veritas [1995] was formulated as: 
𝐼𝐼� � �

� �2 𝑏𝑏 𝑡𝑡� � � 𝑑𝑑��     (16) 
and 

𝐶𝐶� � �����
��       (17) 

5. Development of HGUS Calculation 

The more complex the calculation of the ultimate strength in the structure, the more accurate the calculation results 
will be. On this basis, various research has been carried out with the addition of essential variables to improve the 
accuracy of HGUS calculations. Several of the studies on HGUS that have been carried out includes: 

 Non-uniform uniaxial thrust 
Anyfantis [2020] conducted research by changing displacement due to loads that are often calculated using uniform 
axial thrust to non-uniform axial thrust. The research is based on the relative angle and vertical location of the 
elements which according to the neutral axis, axial strain and axial displacement deviate from uniformity (become 
non-uniform) [Anyfantis, 2019]. The closer are presentative element from the neutral axis, the more the 
aforementioned ratio departs from unity. Thus, the use of uniform thrust will reduce the accuracy of HGUS 
calculations. Based on his research, Anyfantis concluded that non-uniform loads negatively affect the value of 
HGUS [Anyfantis, 2020]. 

 Discretizing each structural component 
Besides adding variables, combining calculation methods can improve the accuracy of the HGUS calculation 
results. Ölmez and Bayraktarkatal [2015] analyze the effects of discretizing each structural component in the hull 
girder section, initial plate deflection, residual welding stress, and 50% corrosion margin on the overall hull girder 
strength. The calculation was done using ten benchmark ships’ cross-sections for validation. The method used 
comprised ISUM-based component discretization and Smith method-based progressive collapse analysis. In this 
combination method, single plate, single stiffener, and stiffened panel components are used instead of just plate-
stiffener combination beam-column components as used in conventional Smith’s method. 

 Corrosion effect 
A number of researchers have conducted testing on the influence of age on the strength of ship structures. The tests 
included corrosion which was recognized as the most common threat to the integrity of ship hull girders [Zayed et 
al., 2018]. The corrosion effect depicts a constant corrosion rate that causes a linear decline in plate thickness 
throughout the course of service. The typical assumption used in the development of algorithms to predict the 
behavior of ship structures is that corrosion will uniformly reduce the thickness of structural components for 
undamaged structures [Woloszyk and Garbatov, 2022]. Ikeda et al. [2001] examined the structural features of 11 
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In the calculation of HGUS using Smith's method hull girder is divided into several parts. These parts are 
categorized into stiffener, stiffened plate, or hard corner elements [IACS-CSR, 2022]. Each of these categories is 
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The buckling calculation that is used in Eqs. 9 - 13 is based on critical stress due to compression. The critical stress 
due to compression value varies by category but has the same basis of formulation, namely Euler's column formula. 
The Euler column formula in column buckling determines the critical buckling loads of a lengthy column with pinned 
ends. Euler column buckling formula formulated as follows:  
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Where: 
𝐸𝐸  : modulus of elasticity (N/mm2) 
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The more complex the calculation of the ultimate strength in the structure, the more accurate the calculation results 
will be. On this basis, various research has been carried out with the addition of essential variables to improve the 
accuracy of HGUS calculations. Several of the studies on HGUS that have been carried out includes: 

 Non-uniform uniaxial thrust 
Anyfantis [2020] conducted research by changing displacement due to loads that are often calculated using uniform 
axial thrust to non-uniform axial thrust. The research is based on the relative angle and vertical location of the 
elements which according to the neutral axis, axial strain and axial displacement deviate from uniformity (become 
non-uniform) [Anyfantis, 2019]. The closer are presentative element from the neutral axis, the more the 
aforementioned ratio departs from unity. Thus, the use of uniform thrust will reduce the accuracy of HGUS 
calculations. Based on his research, Anyfantis concluded that non-uniform loads negatively affect the value of 
HGUS [Anyfantis, 2020]. 

 Discretizing each structural component 
Besides adding variables, combining calculation methods can improve the accuracy of the HGUS calculation 
results. Ölmez and Bayraktarkatal [2015] analyze the effects of discretizing each structural component in the hull 
girder section, initial plate deflection, residual welding stress, and 50% corrosion margin on the overall hull girder 
strength. The calculation was done using ten benchmark ships’ cross-sections for validation. The method used 
comprised ISUM-based component discretization and Smith method-based progressive collapse analysis. In this 
combination method, single plate, single stiffener, and stiffened panel components are used instead of just plate-
stiffener combination beam-column components as used in conventional Smith’s method. 

 Corrosion effect 
A number of researchers have conducted testing on the influence of age on the strength of ship structures. The tests 
included corrosion which was recognized as the most common threat to the integrity of ship hull girders [Zayed et 
al., 2018]. The corrosion effect depicts a constant corrosion rate that causes a linear decline in plate thickness 
throughout the course of service. The typical assumption used in the development of algorithms to predict the 
behavior of ship structures is that corrosion will uniformly reduce the thickness of structural components for 
undamaged structures [Woloszyk and Garbatov, 2022]. Ikeda et al. [2001] examined the structural features of 11 
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single-hull tankers that had average levels of corrosion, the section modulus drop was less than 15% of the original 
value. 

 Initial Imperfections 
During the process of assembling, an iron structure will experience initial imperfections as a result of welding. 
Initial imperfections in welded metal structures include initial distortions, residual stresses, or softening in the weld 
fusion zone or heat affected zone (HAZ) [Paik, 2018]. The initial imperfections on steel structures are categorized 
into six different types resulting from improper welding techniques and fabrication procedures [ISSC, 2009;2012]: 
 Initial distortion of the plating between the stiffeners,  

𝑤𝑤��� � ��𝑠𝑠𝑠𝑠𝑠𝑠 ���
� 𝑠𝑠𝑠𝑠𝑠𝑠 ��

�   (18) 
 Column-type initial distortion of the stiffener,  

𝑤𝑤�� � ��𝑠𝑠𝑠𝑠𝑠𝑠 ��
� 𝑠𝑠𝑠𝑠𝑠𝑠

��
�   (19) 

 Sideways initial distortion of the stiffener,  
𝑤𝑤�� � �� �

�� 𝑠𝑠𝑠𝑠𝑠𝑠
��
�    (20) 

 Residual stress in the plating between the stiffeners. 
𝜎𝜎���  for compressive and (21) 
 𝜎𝜎���  for tensile  (22) 

 Residual stress in the stiffener web. 
𝜎𝜎���  for compressive and (23) 
 𝜎𝜎���  for tensile  (24) 

 Softening in the heat-affected zone. 
 
The ultimate strength of stiffened plates can be greatly decreased by the initial geometric defects [Paik and 
Thayamballi, 2003]. The results by Zaczynska et al. [2020] indicate that the ultimate strength may be 15% lessened 
when the amplitude of the flaw is equal to 10% of the plate thickness. 

6. Conclusions 

Limit state design calculations are mandatory methods that must be passed through the design process, especially 
those that go through the structural design process. The limit state design consists of a serviceability limit state (SLS), 
ultimate limit state (ULS), fatigue limit state (FLS), and accidental limit state (ALS). The four types of limit state 
design represent every condition that may occur in the product during the service lifetime. ULS represents a structural 
failure either in whole or in part of the members of the component. ULS calculation is the most important calculation 
in determining the level of safety of a structural design. In a ship-shaped steel structure, ULS value can be determined 
by determining the margin between ultimate strength and design loads. The method of determining the ultimate 
strength in a ship-shaped steel structure is to determine the hull girder of the overall structure. The hull girder is then 
calculated empirically using various methods, one of which is Smith's method. The accuracy of HGUS calculations 
can be said to correlate with the degree of complexity of the calculations.  
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single-hull tankers that had average levels of corrosion, the section modulus drop was less than 15% of the original 
value. 

 Initial Imperfections 
During the process of assembling, an iron structure will experience initial imperfections as a result of welding. 
Initial imperfections in welded metal structures include initial distortions, residual stresses, or softening in the weld 
fusion zone or heat affected zone (HAZ) [Paik, 2018]. The initial imperfections on steel structures are categorized 
into six different types resulting from improper welding techniques and fabrication procedures [ISSC, 2009;2012]: 
 Initial distortion of the plating between the stiffeners,  

𝑤𝑤��� � ��𝑠𝑠𝑠𝑠𝑠𝑠 ���
� 𝑠𝑠𝑠𝑠𝑠𝑠 ��

�   (18) 
 Column-type initial distortion of the stiffener,  

𝑤𝑤�� � ��𝑠𝑠𝑠𝑠𝑠𝑠 ��
� 𝑠𝑠𝑠𝑠𝑠𝑠

��
�   (19) 

 Sideways initial distortion of the stiffener,  
𝑤𝑤�� � �� �

�� 𝑠𝑠𝑠𝑠𝑠𝑠
��
�    (20) 

 Residual stress in the plating between the stiffeners. 
𝜎𝜎���  for compressive and (21) 
 𝜎𝜎���  for tensile  (22) 

 Residual stress in the stiffener web. 
𝜎𝜎���  for compressive and (23) 
 𝜎𝜎���  for tensile  (24) 

 Softening in the heat-affected zone. 
 
The ultimate strength of stiffened plates can be greatly decreased by the initial geometric defects [Paik and 
Thayamballi, 2003]. The results by Zaczynska et al. [2020] indicate that the ultimate strength may be 15% lessened 
when the amplitude of the flaw is equal to 10% of the plate thickness. 

6. Conclusions 

Limit state design calculations are mandatory methods that must be passed through the design process, especially 
those that go through the structural design process. The limit state design consists of a serviceability limit state (SLS), 
ultimate limit state (ULS), fatigue limit state (FLS), and accidental limit state (ALS). The four types of limit state 
design represent every condition that may occur in the product during the service lifetime. ULS represents a structural 
failure either in whole or in part of the members of the component. ULS calculation is the most important calculation 
in determining the level of safety of a structural design. In a ship-shaped steel structure, ULS value can be determined 
by determining the margin between ultimate strength and design loads. The method of determining the ultimate 
strength in a ship-shaped steel structure is to determine the hull girder of the overall structure. The hull girder is then 
calculated empirically using various methods, one of which is Smith's method. The accuracy of HGUS calculations 
can be said to correlate with the degree of complexity of the calculations.  
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