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Abstract 
An easier and more efficient method is proposed for evaluating the ultimate strength of ship structures under 
fire conditions. Based on the Ideal Structural Unit Method (ISUM) and experiments from reference literature, a 
stress and strain equation for stiffened plates under fire conditions, as well as Fire ISUM, are proposed. To verify 
the effectiveness of the Fire ISUM method, 48 sets of FEA simulations incorporating the Fire ISUM were used to 
calculate the ultimate strength of different cabin fire positions and temperatures. The results showed that both 
the simulation and Fire ISUM were able to evaluate the high temperature ultimate strength. However, the Fire 
ISUM method does not account for initial imperfections due to the use of ideal high-temperature stress-strain 
curves. As a result, simulation results are lower than those obtained with the Fire ISUM, with a maximum error 
of 5.24%. To study the influence mechanism of ultimate strength of ship under high temperature conditions, the 
ultimate strength attenuation factor “IUR” was defined. Simulation results show that the ultimate strength 
attenuation of different cabins is not only related to the high-temperature width but also to the distance 
between the deck and the neutral axis. In actual fire rescue processes, when a deck of the same area is subjected 
to high temperatures, the further the deck is from the neutral axis, the more important its protection. 
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1 INTRODUCTION 

Ships play a crucial role in trade and transportation, so protecting and improving the safety of the hull to ensure its 
safe operation is of great significance. Currently, ships are facing various threats, according to the International Maritime 
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Organization (IMO, 2004), fire&explosion is one of the initial incidents and assigned to reviewers to casualty analysis, this 
indirectly indicates that the hazards of fire and explosion need to be taken seriously. Several ship fire accidents that have 
occurred in the past, further demonstrate the hazards of fire and explosion. On 12 July, 2020, according to CNN reporter 
Lagrone (2021), 21 individuals were injured after an explosion and fire on the USS Bonhomme Richard at the dock of the 
San Diego Naval Base in Figure 1. There are similar cases as well, Lendon (2024) reported that the Minsk burned in a 
waterway. According to the MSC Capetown III report by the Sri Lanka Ports Authority (2024), a fire broke out and 
subsequently led to an explosion. The South African Maritime Safety Authority (SAMSA, 2024) reported that an offshore 
supply vessel, the AM Pride, caught fire. In previous studies, many researchers have also provided statistics on ship fire 
accidents that have already occurred (Baalisampang et al., 2018; Wang et al., 2020; Callesen et al., 2021; Krmek et al., 2022). 
These studies also demonstrate the hazards of ship fires. Wu et al. (2024) analyzed casualty provided by EMSA from 2020 
to 2022 in pointed out that, although EMSA did not specifically mention the number of accidents, the data suggests that 
explosion and fire incidents may potentially increase in recent years. Figure 2 shows the number of accident casualties from 
2020 to 2022 provided by EMSA. The causes of accidents include collision, flooding/sounding, capsizing/listing, 
fire/explosion, and damage/loss of equipment. When comparing the data for fire/explosion accidents with the other four 
types, it becomes evident that the number of accidents involving explosions and fires gradually increased from 2020 to 
2022. Notably, in 2022, the number of casualties from explosions and fires was twice as many as those from the other four 
types of accidents combined. According to EMSA (2024) data and reports of recent ship fire accidents, the number has been 
increasing, causing serious personnel and property losses. Therefore, this topic holds significant research value for ship fires. 

 

Figure 1: USS Bonhomme Richard ship fire at the dock of the San Diego Naval Base 

 

Figure 2: EMSA data indicate explosions and fires caused higher casualties than other types of accidents in 2022. 



A Faster Method for Evaluating the Ultimate Strength of Ship Hulls Under Elevated Temperatures - Fire 
Idealized Structural Unit Method 

Jiaxin Wu et al. 

Latin American Journal of Solids and Structures, 2025, 22(2), e8452 3/20 

Frequent ship fires also pose a great threat to the ultimate strength of the ship, causing concern among scholars. 
Therefore, scholars have conducted research to evaluate the ultimate strength of the ship under fire conditions. From 
the perspective of the method for evaluating the ultimate strength of ships under fire conditions, full-scale fire tests can 
accurately and intuitively reflect the failure modes and mechanical characteristics under fire conditions. J.K. Paik et al. 
(2021) conducted full-scale stiffened plate fire tests to study the deformation and failure modes of vertical stiffened plate 
compression under fire conditions, providing a reference for the study of ship ultimate strength under fire conditions. 
However, the large scale involved in full-scale ship fire tests poses challenges in terms of fire loading and data 
measurement. Consequently, there are few ship fire tests conducted currently. The finite element method is a common 
method for calculating the ultimate strength of ship hulls. Ryu M.G. et al. (2021) used simulation calculations to verify 
the experiments and analyses conducted by J.K. Paik, focusing on how different temperature fires impact the ultimate 
strength of stiffened plates, and verified the feasibility of studying ship damage under fire conditions. To improve the 
fire resistance design of ships, Guo et al. (2023) used simulation to evaluate the residual strength of ship hull with fire 
conditions and varying heat release rates (HRR). Li et al. (2021) using thermal radiation method as fire boundary 
conditions to conduct engine room fires simulation and studied the impact on the ultimate strength of the ship. Liu et al. 
(2022) studied non-uniform multi-cabin fires, proposed a forecasting model for the vessel ultimate strength under fire 
conditions, and found higher the heat release rates, the smaller the residual strength. Table 1 shows the details of 
researchers evaluating the ultimate strength of ship hulls under fire conditions. 

Table 1 Researchers evaluate the details of the ultimate strength of ship fires 

Author Method Description Geometric 
Nonlinear& 

Material 
Nonlinear 

Initial 
Geometric 

Imperfections 

Fire dynamics 
conditions or simply 

elevated 
temperature 

CFD Simulation 

Paik et al. (2021) Based on the ISO-834 fire test, 
conduct experimental analysis on 

the ultimate fire strength of 
stiffened panels. 

Yes No Fire Dynamics No 

Ryu M.G. et al. (2021) Based on Paik et.al experiment 
conduct FEM analysis. 

Yes No Simply Elevated 
Temperature 

No 

Guo et al. (2023) Based on the use of large eddy 
simulation for fire dynamics and 

structural thermal coupling methods. 

Yes No Fire Dynamics Yes 

Li et al. (2021) Based on dual zone large eddy and 
structural thermal coupling methods. 

Yes No Fire Dynamics Yes 

Liu et al. (2022) Based on large eddy simulation of 
fire dynamics algorithm and the 
structural thermo-mechanical 

coupling response method. 

Yes No Fire Dynamics Yes 

However, the nonlinear analysis of large structures using the finite element method requires large amounts of modeling 
work and computational time. To solve this problem, scholars strive to reduce the modeling work and computation time of 
structural non-linear analysis. The most effective way to reduce this workload and computational time is to reduce the degrees 
of freedom. For the fields of structural engineering, scholars have proposed some theoretical methods for rapid assessment 
of structure’s ultimate strength. Machado et al. (2020) proposed a new prediction model for assessing the stability of 
reinforced concrete panels in fire with limit analysis theory. R. Schardt (1989) applicability of the Generalized Beam Theory 
(GBT) which aimed at reducing computational effort by minimizing degrees of freedom. Bebiano et al. (2018) highlights the 
development of a graphical interface for GBT-based analyses, providing insights into buckling and vibration behaviors of thin-
walled members. Barichello et al. (2017) used the GBT method to select the geometric shape of the beam and conducted 
buckling/branching analysis using GBTul code. At same time apply DSM encoding method for comparison with numerical data 
of ultimate bending moment. Barichello et al. pointed out that in the range of medium to high slenderness ratios, the 
predictions provided by the DSM torsion strength curve are mostly unsafe. Y. K. Cheung (1976) proposed the Finite Strip 
Method (FSM) to evaluate the buckling ultimate strength of typical thin-walled steel structures. Due to the use of strip elements 
for discretization, the degrees of freedom of the model are reduced, thereby improving computational efficiency. Lazzari and 
Batista (2020) involved a computational investigation of the distortional-global buckling interaction behavior of lipped channel 
sections under pure compression. Adopted the FSM model simplifications to reduce the degrees of freedom in the numerical 
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model led to significant reductions in computational workload and time while maintaining highly alignment with experimental 
results in the literature. Lazzari and Batista (2021) also presents an FSM-based computational tool for buckling analysis of thin-
walled structures, offering a practical and versatile solution applicable to a wide range of crosssectional geometries. These 
methods improve the calculation speed by reducing the degrees of freedom while ensuring the accuracy of the results, 
providing important and valuable references for the rapid evaluation of ultimate strength. 

Due to the similarity in process between the ISUM and the Smith method, providing the process of the Smith method 
can help to have a more comprehensive understanding of the ultimate strength assessment of ship hulls. The Smith method 
was proposed by Smith C.S. (1977) and is an important method for evaluating the ultimate strength of ship hulls. The Smith 
method assumes that the overall bending moment of the ship is obtained by adding up the bending moments experienced 
by all elements after discretization. The process of the Smith method is as follows: (i) discretize the ship hull into plate or 
beam elements (ii) Apply a rotation angle to the neutral axis to all elements (iii) Calculate the strain of the element (iv) 
Calculate the stress of the element based on the stress-strain relationship of the element (v) The force on the element can 
be calculated based on the stress and element area (vi) Calculate the bending moment of the element based on the force 
acting on it and the distance from the neutral axis, and add them together to obtain the bending moment of the ship under 
the current turning angle condition repeat the above steps until the turning angle reaches the threshold, and the maximum 
bending moment value is the ultimate strength of the ship. The limitations of the Smith method can be discovered from the 
calculation process, which is also a key point of the Smith method. To calculate the ultimate strength of a ship using the 
Smith method, it is necessary to obtain the stress-strain relationship of the elements. 

For the assessment method of ultimate strength under ship fire conditions, based Smith method, Wu et al. (2023) 
proposed the Fire Smith method to evaluate the ultimate strength of the ship under fire conditions. Wu considered the 
principle of oxygen consumption and analyzed the impact of the same heat distribution in different areas on the ultimate 
strength of the ship. Similar to the Smith method, Ueda (2021) first proposed the Ideal Structural Unit Method (ISUM) in 
1970s.By modeling large structures as a single large element, this approach leads to fewer elements and improves 
computational efficiency. The ISUM has been applied in the field of ultimate strength assessment of ship hulls. Paik et al. 
(2006) et al investigated the ultimate strength of the ship hull of a 120m long aluminum catamaran ship. Based on ISUM, 
used for progressive collapse analysis of the ship hull. Lindemann and Kaeding (2017) used the ISUM and simulation to 
research the ultimate strength of box girder under lateral pressure. Gao et al. (2012) used simulation and ISUM to select 
seven representative crack types for container ships based on the common crack types summarized by the International 
Association of Classification Societies (IACS), the study analyzed the impact of these cracks on the ultimate strength of the 
ships. Shi and Wang (2012) took container ships as the research object and utilized experiments, nonlinear simulation, and 
ISUM to study the ultimate strength and failure modes of the hull. Ma et al. (2022) enhanced the ISUM method by 
incorporating dynamic analysis techniques and applied the improved model to the dynamic ultimate strength assessment 
of stiffened plates. It can be found that, the Ideal Structural Unit Method (ISUM) has been widely used for evaluating the 
ultimate strength of ship hulls, but it has hardly been applied in the field of fire safety to date. 

By analyzing the research of the above scholars, it has been found that there are currently few full-scale fire tests 
on ships, which makes it difficult to provide references for other different ship types. Additionally, the finite element 
method has shortcomings such as a large modeling workload and long calculation times. The main method for 
theoretically prediction the ultimate strength of ship with fire conditions is proposed by Wu et al. (2023). 

However, the Fire Smith method currently uses plate and beam elements to discretize a ship's hull. For large vessels like 
the USS Bonhomme Richard, a significant number of discrete elements are required, which results in a disadvantage regarding 
computational speed. In reality, ship fires occur and develop rapidly. Even during the evaluation process, the fire continues to 
develop, it necessary to evaluate and predict the ultimate strength of the ship hull more quickly. The Fire ISUM can reduce the 
number of elements, so the Fire ISUM is used to solve the problem of too many elements in the Fire Smith method. 

In the Materials and Methods section, we first briefly introduce the advantage of using fewer elements in the Fire 
ISUM compared to the Fire Smith method, due to the use of stiffened plate element. In section 2.1, the process of the 
Fire ISUM are proposed. Through the process of using the Fire ISUM, it was found that to evaluating the ultimate strength 
of ships under fire conditions using Fire ISUM, the key is obtaining the stress-strain relationship of the stiffened plate 
under elevated temperature conditions. So, in section 2.2, the stress of the stiffened plate under elevated temperature 
conditions is derived. In section 2.2, it was found that the stress and elastic modulus of stiffened plate are related under 
the condition of size determination. Therefore, in section 2.3, based on the elastic modulus and the mechanical 
properties of the stiffened plate under compression under elevated temperature condition. The stress-strain relationship 
of stiffened plate under elevated temperature conditions was proposed. In Section 2.4, in order to facilitate the 
understanding and application of fire ISUM, the step-by-step process of the Fire ISUM is presented. 
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2 Materials and Methods 

Before proposing the Fire ISUM, quickly explain its advantages. Figure 3 and 4 compare of Fire Smith method and 
Fire ISUM for discrete elements of ship hulls. The idea of calculating the ultimate strength of a ship's hull using the Fire 
Smith method is similar to that of the Fire ISUM, but differs when discretizing elements. The Fire Smith method discretizes 
the ship's hull into plate and beam elements, while the Fire ISUM discretizes the ship's hull into the largest possible 
stiffened plate elements. Stiffened plates are composed of multiple plates and beams, so Fire ISUM can effectively reduce 
the number of elements and improving computational efficiency. From Figures 3 and 4, it can be observed that the Fire 
ISUM discretizes the ship into stiffened plate elements, which has a lower number of plate and beam elements compared 
to the Fire Smith method, resulting in higher computational efficiency. 

 
Figure 3: Schematic diagram of ship of Fire Smith method discretization 

 
Figure 4: Schematic diagram of ship of Fire ISUM discretization 

Figure 5 shows a comparison between the Fire Smith method and the Fire ISUM for the number of elements after 
discretization. It can be observed that when the number of stiffeners is 1, 5, and 10, the number of elements discretized 
using the Fire Smith method is 3, 21, and 41, respectively. Fire ISUM discretizes the entire stiffened plate into one 
stiffened plate element, resulting in a smaller number of elements, and as the number of stiffeners increases, the 
advantages of the Fire ISUM become more apparent. When the stiffener quantities are 1, 5, and 10 respectively, the 
number of Fire ISUM elements decreases by 66.7%, 95.2%, and 97.6% compared to the Fire Smith method. From Figure 
5, it can be intuitively seen that Fire ISUM has the advantage of discretizing fewer elements for stiffened plates. The 
reduction in the number of elements results in faster computation speed, thereby improving computational efficiency. 

 
Figure 5: Comparison of Fire Smith method and Fire ISUM for different numbers of stiffener discrete elements 
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In Figure 6, USNI's Lagrone (2021) reported an infrared image taken by the US Navy during the fire of the USS 
Bonhomme Richard. It can be observed that during the ship fire, elevated temperature areas 1 and 2 on the ship's deck 
show approximately the same distribution. This actual fire case demonstrates the feasibility of simplifying the deck in 
this area into a stiffened plate element and further illustrates the feasibility of the Fire ISUM. 

 
Figure 6:  US Fire Pump provided forward-looking infrared (FLIR) imagery of the USS Bonhomme Richard. 

2.1 Fire Idealized Structural Unit Method 

Based on the strain-stress relationship of the stiffened plate in equation (15). The Fire Idealized Structural Unit 
Method (ISUM) is proposed, as shown in Figure 7, constructs a temperature matrix based on the temperature field of 
the fire to be analyzed, assigns unit number i, calculates the buckling load under fire conditions, and assumes the buckling 
strain to obtain stress-strain curves under different temperature conditions, and selects the corresponding curve. Next, 
based on the input of ISUM elements into the hull structure, the hull structure is discretized into three types of elements: 
plates, beams, and stiffened plates. Initialize the stress and strain of the ISUM element, construct a deformation matrix, 
gradually increase rotate angle, and calculate the stiffness matrix changes. Convert the turning angle into structural 
strain, and determine whether the current buckling load has been reached based on the stress-strain relationship. Once 
it is reached, the result will be output. 

 
Figure 7: Fire ISUM flowchart 

2.2 Critical Buckling Stress 

Figure 8 is a forces schematic diagram of the cabin fire. The ship has a width of L=12m and a height of H=8.1m. It is 
assumed that the force NX acting on the ship's deck is a uniformly distributed load, and the boundary conditions are 
simply supported on all four sides. a is the length of the stiffened plate, B is the width of the stiffened plate, and b/2 is 
the width of stiffener. 
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Figure 8: Schematic diagram of stiffened panels in cabin fires 

Assumption buckling condition: 
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In a linear system, the expression for the bending strain energy of a plate is shown in equation (2): 
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The strain energy (ΔU) of bending the plate as equation (3): 

2
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In equation (3), 𝐷𝐷 = 𝐸𝐸𝐸𝐸3

12(1−𝜇𝜇2). 

In local coordinate system, assuming the flexural rigidity of a stiffener (EI) at the distance ci=ib/2 from the edge to 
y=0, assume that stiffener buckle with plate, the stiffener strain energy as equation (4). 
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In equation (4) i=1,2, ..., N-1. 
Assuming that the stiffened plate is only subjected to a force Nx in the X direction, and forces Ny=0 and Nxy=0 in 

other directions. The work energy ΔT as equation (5): 
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The work done during buckling by the compressive forces Pi, acting on the plate as equation (6): 
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According to Timoshenko's energy method theory, when the external force on the stiffened plate exceeds the strain 
energy, the stiffened plate is considered to be in an unstable state. Therefore, the buckling load of the stiffened plate 
can be determined by equating the strain energy to the work done by the external forces, calculated using equation (7). 

1 1

1 1

n n

i i
i i

U U T T
 

 

         (7) 

Assuming the following parameters as equation (8): 
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In equation (8), β is the aspect ratio of the stiffened plate, γi is the ratio of the bending stiffness of the stiffeners to that 
of the plate, and δi is the ratio of the cross-sectional area of the stiffeners to that of the plate. Ii and Ai are the moment 
of inertia and the cross-sectional area of the stiffener, respectively. 

Bringing equation (3), (4), (5), (6) into (7), to calculate the σcr as equation (9). 
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Calculate the derivative of Amn for equation (9) and set equation (10) equal to 0. 
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By equating to zero the determinant of this system of equations, it can obtain an equation for determining σcr. As 
shown in (11). 
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For multiple stiffeners, the buckling stress of the stiffened plate can be determined using equation (10), as shown in 
equation (12): 
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  
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It can be found from equation (12), under the condition of determining the size of the stiffened plate, the buckling 
stress and elastic modulus are related. 

2.3 Mechanical Properties at Elevated Temperatures 

In section 2.2, the relationship between the ultimate strength and elastic modulus of stiffened plates is established. 
High temperatures lead to a decrease in the elastic modulus of stiffened plates, so the relationship between temperature 
and elastic modulus is analyzed in section 2.3. 

The ship material in Figure 8 is H36 steel, with an elastic modulus of 206GPa and Poisson's ratio of 0.3 at 20 °C. The 
variation of H36 steel under elevated temperature conditions is shown in Figure 9. The elastic modulus parameter 
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proposed by the American Steel Structure Code Committee (AISC, 2005) in 2005 fits the elastic modulus with elevated 
temperature conditions according to these data. The temperature curve of elastic modulus was fitted using the Langevin 
Mod exponential function, with an R2 of 0.99. For the fitting function of elastic modulus under elevate temperature 
conditions, refer to the table on the right side of Figure 9. 

 
Figure 9: Elastic modulus and linear fitting curve of H36 steel 

Drawing from the graph of elastic modulus data, it is possible to formulate as equation (13) that describes the elastic 
modulus at elevated temperatures. 

511.3 89.6
100.8 116.8 coth ,0 1200

89.6 511.3T
T

E T
T

                     
 (13) 

After determining the elastic modulus of the material at different temperatures, the ultimate strength of the stiffened 
plate at different temperatures is determined. However, further determination of the stress-strain relationship is needed, and 
the stress-strain characteristics of the stiffened plate will be determined through high-temperature testing. 

The study of the mechanical properties of steel structures at high temperatures has been continuously explored in 
the field of structural engineering, yielding significant references over the years. Sánchez Cruz et al. (2016) investigated 
steel-concrete composite beams with fire-resistant coatings under axial and rotational constraints, highlighting the 
importance of considering the interaction forces between beams and columns in design processes. Moving forward, Al-
Rousan (2021) analyzed the behavior of rectangular reinforced concrete (RC) columns reinforced with auxetic steel mesh 
at high temperatures. His research involved testing 24 rectangular RC column specimens with a 1/3 scale ratio under 
axial loading to evaluate how different layers of auxetic steel mesh perform when exposed to elevated temperatures. 
More recently, in 2023, Leite and Silva (2023) focused on the performance of steel-concrete composite beams with fire-
resistant coatings under axial and rotational constraints. He studied axial forces across different spans, under both 
constraints, and analyzed four different fire-resistant coating materials in fire conditions. 

For the mechanical properties of stiffened plates under elevated temperature conditions, previous studies have 
provided important references. The research on the mechanical properties of stiffened plates under high temperature 
conditions by scholars also serves as an important reference. Tan and Qian (2008) conducted compression buckling tests on 
stiffened plates at three temperatures: 400°C, 550°C, and 670°C. Figure 10 shows a schematic diagram of the compression 
test for stiffened plates at 670°C. Tan measured the force and displacement curves at different temperatures, as shown in 
Figure 11, providing a reference for the study of the mechanical properties of stiffened plates under fire conditions. 

 
Figure 10: Tan and Qian (2008) stiffened plate test with high temperature 
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Figure 11: Tan and Qian (2008) measured the high-temperature force displacement curve of the stiffened plate 

Wang et al. (2020) conducted a buckling strength test on T-shaped stiffened plates under different temperature 
conditions ranging from 20 to 800°C. Figure 12 shows the failure mode of compression buckling for T-shaped stiffened 
plates in Wang's test. As shown in Figure 13, as the temperature increased, the ultimate strength of the T-shaped 
stiffened plates gradually decreased. At a certain temperature condition, when the ultimate strength reaches its 
maximum value, the force does not increase with the displacement in some ranges. This phenomenon is referred to as 
the “Load Plateau” Furthermore, the higher the temperature, the longer the “Load Plateau”. 

 
Figure 12: Wang et al. (2020) buckling test of stiffened plates high temperature 

 
Figure 13: Wang et al. (2020) measured the force and displacement curves of T-shaped stiffened plates under high temperature conditions 
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Based on equation (12) and (13), equation (14) for calculating the ultimate strength of stiffened plates under fire 
conditions is proposed. 

( )
( )

( )

22 3

2 22

1 n 1) 511.3 89.6100.8 116.8 coth    
1 ( 1) 89.6 511.312 1

（
cr

β γπ t Tσ
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 (14) 

According to the force and displacement characteristics of stiffened plates under elevated temperature conditions 
in Wang et al. (2020) literature, we assume from equation (14) that there is approximately linear stress-strain behavior 
before reaching the buckling strength. For an elastic strain of 0.005, based on Wang et al. experiment, the total length 
of the stiffened plate is 480 mm, and the deformation at buckling is about 2 mm. The deformation is calculated as 2 mm 
divided by the total length, resulting in 2/480 = 0.00416, which supports the assumption that the elastic strain is 0.005. 
In addition, when calculating a very small strain (Δε) after reaching the maximum stress, a constant stress should be 
maintained. 
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cr

0 0.005
0.005

0.005

σ ε ε
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 (15) 

2.4 Step-by-step Procedure 

The Step-by-step procedure of Fire ISUM in Figure 14 is as follows: 

• Step 1, build a temperature matrix. 

• Step 2, discretize the ship into stiffened plates of cabin length, compared with plate and beam elements, the number 
of reinforced plate elements is reduced, and the calculation speed is faster, thereby improving the calculation 
efficiency. 

• Step 3, gradually increase the curvature of the hull bending for loading. 

• Step 4, calculate the element strain according to the rotation angle. 

• Step 5, calculate the stress according to the corresponding temperature’s stress-strain relationship of the element 
after obtaining the strain. 

• Step 6, calculate the force of each element according to stress and element area, and then calculate the moment of 
each element. 

• Step 7, obtain the bending moment-curvature curve of the entire hull structure, and the corresponding ultimate 
bending moment, i.e., the ultimate strength value of the hull, is obtained. 

 
Figure 14: Schematic diagram of the calculation process of Fire Idealized Structural Unit Method (ISUM) 
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3 Simulation Setup 

To verify the effectiveness of the Fire ISUM and study the ultimate strength characteristics of cabin fires at different 
locations, calculations were performed for cabin fires at four locations. Abaqus is used for simulation calculation, assume a 
bilinear material model with no strain hardening, the elastic modulus of the material is 210GPa, Poisson's ratio is 0.3, and 
yield strength is 355MPa. For residual stress, C. Guedes Soares et al. (2008) studied the effect of different residual stresses 
on the ultimate strength of ships. Regarding hogging condition, the error when considering versus not considering residual 
stress was 1.89%, while for sagging condition, the error was 6.1%. Mei et al. (2021) simultaneously considered the effects 
of residual stress and varying degrees of initial imperfection on the ultimate strength of ships and found that the larger the 
initial imperfection amplitude of the structure, the smaller the impact of welding residual stress on the ultimate strength of 
the stiffened plate. According to the above research, residual stress has a relatively small impact on ultimate strength than 
elevate temperature condition, and the greater the deformation of the ship, the smaller the impact of residual stress on 
ultimate strength. Therefore, the influence of residual stress is therefore not considered in this study. As depicted in 
Figure 15, it was assumed that the high-temperature areas in each cabin were evenly distributed during the fire, with 
temperatures ranging from 100°C to 1200°C. Specifically, Figure 15(a) shows an elevated temperature area with a width of 
W1=2.2m, Figure 15(b) shows a width of W2=3.3m, Figure 15(c) shows a width of W3=4.4m, and Figure 15(d) shows a width 
of W4 = 6.6m. Table 2 details the working conditions for various cabin temperatures and elevated temperature area widths. 

 
Figure 15: Schematic diagram of fires in different compartments 

Table 2 Working condition table. 

No. T1 × W1 T2 × W2 T3 × W3 T4 × W4 

1 100 × 2.2 100 × 3.3 100 × 4.4 100 × 6.6 
2 200 × 2.2 200 × 3.3 200 × 4.4 200 × 6.6 
3 300 × 2.2 300 × 3.3 300 × 4.4 300 × 6.6 
4 400 × 2.2 400 × 3.3 400 × 4.4 400 × 6.6 
5 500 × 2.2 500 × 3.3 500 × 4.4 500 × 6.6 
6 600 × 2.2 600 × 3.3 600 × 4.4 600 × 6.6 
7 700 × 2.2 700 × 3.3 700 × 4.4 700 × 6.6 
8 800 × 2.2 800 × 3.3 800 × 4.4 800 × 6.6 
9 900 × 2.2 900 × 3.3 900 × 4.4 900 × 6.6 

10 1000 × 2.2 1000 × 3.3 1000 × 4.4 1000 × 6.6 
11 1100 × 2.2 1100 × 3.3 1100 × 4.4 1100 × 6.6 
12 1200 × 2.2 1200 × 3.3 1200 × 4.4 1200 × 6.6 
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The initial imperfection in the stiffened plates are caused by manufacturing. This article considers the initial 
imperfection of the ship in the simulation, assuming that the current deformation is due to the average imperfection 
conditions provided by Smith et al. (1975). Different welding processes can be categorized into three levels of 
imperfection, as shown in equation (16). Here, an average imperfection level of ωp =0.1 β2t is selected, where β (as shown 
in equation (16)) represents the plate flexibility, and t represents the plate thickness. 

2

2

2

0.025 for slight imperfection
0.1 for average imperfection
0.3 for severe imperfection

p

β t
ω β t

β t


= 



 (16) 

In equation (16), yσbβ
t E

= , σy represents the yield strength of H36 steel, which is 355 MPa, and E denotes the elastic 

modulus, equal to 210 GPa. 
The determination of the ship's ultimate strength at high temperatures is carried out through a two-stage process: 

the first stage involves thermal mechanical coupling calculations, and the second stage involves explicit dynamic 
calculations. The boundary conditions are defined as shown in Figure 16. Elevate temperature area are applied above 
the deck with pinned boundary conditions at both ends. 

 
Figure 16: Boundary condition for ship model thermal-mechanical coupling simulation 

For the explicit dynamic calculation stage, use predefined field methods defined the elevate temperature field to 
the deck; the boundary conditions are shown in Figure 17. The element type is S4RT. The hull was simply supported, 
while the other end was constrained in Y and Z directional movements and rotations in the X and Z directions. Rotate the 
entire plane by 0.2 degrees around the Y axis. The moment value represented the ultimate high-temperature strength. 

 
Figure 17:  Boundary conditions for ship model explicit dynamic simulation 
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4 Mesh Sensitivity Analysis 

The mesh has an impact on the results of finite element simulation. Under normal circumstances, the more meshes 
there are, the more the results tend to converge. However, it is also important to note that the calculation time should 
not be too long. Therefore, it is necessary to confirm the number of meshes and the accuracy of the calculation results. 
To prove the mesh sensitivity on the ultimate strength of the ship, the total number of meshes for mesh sizes of 0.2m, 
0.15m, 0.1m, 0.075m, and 0.05m were 11,610, 16,740, 35,960, 60,480, and 119,760, respectively. As shown in Figure 18, 
the ultimate strength of ship with multiple mesh sizes was simulation. Result show that the ultimate strength decreased 
as the number of meshes increased. The ultimate strengths for multiple meshes were 3.571 × 108 N·m, 3.113 × 108 N·m, 
2.726 × 108 N·m, 2.678 × 108 N·m and 2.672 × 108 N·m, respectively. 

 
Figure 18:  Relationship between mesh size and ultimate strength of vessel 

The calculation results consider both calculation speed and accuracy. The ship's mesh is displayed in Figure 19, There 
is an overall and specific detail pictures. The mesh size of the ship is 0.075 m, featuring a quadrilateral mesh type with a 
number of 60,480 elements. 

 
Figure 19: Mesh diagram of overall and specific detail 

5 Results 

To verify the feasibility of the critical buckling stress equation (15), the stiffened plate in the elevated temperature 
area 1 was analyzed. The results of equation (15) and ABAQUS were compared under normal temperature conditions. 
The critical stress from the simulation was 191 MPa, while equation (15) yielded 180 MPa, with an error of about 5.6%. 

Figure 20 displays the deformation of the hull under the combined influence of initial imperfection and high 
temperature. Overall, the deformation from initial imperfection at different locations tends to increase gradually as the 
temperature rises. The deformation characteristics shown in Figures 20(a) to 20(d) are described as 'wavy', which 
exacerbates the influence of initial imperfection on the ultimate strength of the ship. In other words, in addition to the 
weakening of the material's mechanical properties due to temperature rise, the combined effects of initial imperfection 
and elevated temperatures also significantly influence the structural deformation and ultimately affect the ship’s 
strength. Comparing different elevated temperature areas, it is evident that as the area exposed to elevated 
temperatures increases, the stiffness of the ship’s deck decreases, and the deformation correspondingly intensifies. 
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Figure 20: Hull deformation under elevate temperature and initial imperfection effects 

Figure 21 represents the ultimate strength at different elevated temperature areas and temperatures. Figures 21(a) 
- 21(d) represent elevated temperature areas of 2.2m, 3.3m, 4.4m, and 6.6m, respectively. Overall, under the conditions 
of elevated temperature areas and temperatures, the ultimate strength rapidly reaches its maximum value with the 
increase of the rotation angle, and then slowly decays after reaching this peak. This peak value represents the ultimate 
strength corresponding to the current elevated temperature area and temperature of the ship. When comparing the 
four different elevated temperature areas, it can be observed that the ultimate strength of the ship decreases in all areas 
as the temperature increases, indicating a decrease in the ship's ultimate strength with an increase in temperature. 

In order to further analyze the influence of high temperature and initial imperfection on the ultimate strength of 
the ship, the ultimate strength values for different regions and temperatures shown in Figure 21 were extracted and 
compared using the Fire ISUM method. As observed from Figure 22 and Table 3, both the simulation results and the Fire 
ISUM comparisons show that the ultimate strength of the ship gradually decreases with increasing temperature. The 
consistent trends between these two methods indicate that the Fire ISUM is capable of calculating the impact of high 
temperature on the ultimate strength of the ship. 
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Figure 21: Comparison of Fire ISUM and simulation result for ship ultimate strength. 

When comparing the ultimate strength at the same temperature and different elevate temperature area, it can be found 
that the simulation results are smaller than those obtained using the Fire ISUM. This discrepancy occurs because the simulation 
considers the influence of initial imperfection on the ultimate strength of the ship, which the Fire ISUM method currently does 
not account for. Table 3 presents the results from both the simulation and the Fire ISUM at various temperatures, and also 
provides the differences between the two. Comparing simulations at increasing temperatures with the Fire ISUM results, it was 
observed that as the simulation temperature rose, initial imperfection led to more significant deformation, resulting in final 
simulation values that were smaller than those calculated by the Fire ISUM. Moreover, as the temperature increased, the 
discrepancies also grew, reaching a maximum error of 5.24%. Although the error between simulation and the Fire ISUM method 
increases with the increase of temperature, the material may melt and be unable to bear external forces when the temperature 
further increases. Therefore, the Fire ISUM method covers the temperature range at which the ship deck can withstand external 
forces when a fire occurs and has the potential to be used as a method for evaluating the ultimate strength of ship fires. 

When the elevated temperature area is located on different decks, the larger the elevated temperature area, the greater 
the decrease in ultimate strength. For example, in the elevated temperature area W1=2.2m on the first deck, the ultimate strength 
decreases by 8.93%. Similarly, in the elevated temperature area W4=6.6m on the first deck, the ultimate strength of the ship 
decreases by 18.77%. In cases where the elevated temperature areas are on the second deck, the ultimate strength decreases by 
6.15% at W2=3.3m and by 8.1% at W3=4.4m. It can be noted that, the decrease in ultimate strength in the 2.2m heating area was 
more significant than in the 3.3m and 4.4m heating areas. The decrease in ultimate strength caused by high temperatures in a fire 
is not only related to the width of the elevated temperature area but also the distance between deck and neutral axis. The elevate 
temperature areas of 2.2m and 6.6m are on the same deck, with a distance of 4.2m from the neutral axis. The elevate temperature 
areas of 3.3m and 6.6m are on the same deck, with a distance of 1.8m from the neutral axis. The width of the elevate temperature 
areas is 6.6m, which is larger than other elevate temperature areas, and its distance from the neutral axis is greater, so the ultimate 
strength decreases more. For the 2.2m elevate temperature areas, although it is smaller than the 3.3m and 4.4m, its distance 
from the neutral axis is greater, resulting in a greater decrease in ultimate strength. 

 
Figure 22: Ultimate strength with Fire ISUM and simulation in different elevate temperature areas and temperatures. 
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Table 3 Ultimate strength value and error of simulation and Fire ISUM. 
No. W1 = 2.2 m W2 = 3.3 m 

FEM/(N·m) Fire ISUM/(N·m) Error (%) FEM/(N·m) Fire ISUM/(N·m) Error (%) 

1 2.596 × 108 2.678 × 108 3.06 2.618 × 108 2.678 × 108 2.25 
2 2.577 × 108 2.678 × 108 3.22 2.613 × 108 2.678 × 108 2.41 
3 2.549 × 108 2.640 × 108 3.43 2.595 × 108 2.662 × 108 2.53 
4 2.519 × 108 2.614 × 108 3.62 2.581 × 108 2.653 × 108 2.71 
5 2.488 × 108 2.587 × 108 3.83 2.558 × 108 2.634 × 108 2.90 
6 2.459 × 108 2.562 × 108 4.01 2.534 × 108 2.615 × 108 3.08 
7 2.436 × 108 2.541 × 108 4.12 2.516 × 108 2.599 × 108 3.18 
8 2.411 × 108 2.520 × 108 4.31 2.499 × 108 2.585 × 108 3.31 
9 2.391 × 108 2.502 × 108 4.43 2.482 × 108 2.571 × 108 3.46 

10 2.383 × 108 2.496 × 108 4.52 2.474 × 108 2.566 × 108 3.57 
11 2.374 × 108 2.489 × 108 4.64 2.468 × 108 2.561 × 108 3.64 
12 2.364 × 108 2.482 × 108 4.75 2.457 × 108 2.554 × 108 3.78 

No. W3 =4.4m W4 = 6.6 m 
FEM /(N·m) Fire ISUM/(N·m) Error (%) FEM /(N·m) Fire ISUM/(N·m) Error (%) 

1 2.604 × 108 2.678 × 108 2.77 2.584 × 108 2.678 × 108 3.52 
2 2.600 × 108 2.678 × 108 2.91 2.577 × 108 2.678 × 108 3.76 
3 2.568 × 108 2.650 × 108 3.10 2.463 × 108 2.565 × 108 3.97 
4 2.540 × 108 2.626 × 108 3.29 2.398 × 108 2.502 × 108 4.14 
5 2.513 × 108 2.603 × 108 3.46 2.335 × 108 2.440 × 108 4.32 
6 2.486 × 108 2.580 × 108 3.64 2.271 × 108 2.380 × 108 4.59 
7 2.461 × 108 2.559 × 108 3.82 2.217 × 108 2.327 × 108 4.71 
8 2.440 × 108 2.541 × 108 3.98 2.169 × 108 2.280 × 108 4.85 
9 2.419 × 108 2.524 × 108 4.15 2.131 × 108 2.242 × 108 4.97 

10 2.411 × 108 2.518 × 108 4.26 2.119 × 108 2.232 × 108 5.07 
11 2.401 × 108 2.511 × 108 4.37 2.110 × 108 2.224 × 108 5.12 
12 2.393 × 108 2.505 × 108 4.48 2.099 × 108 2.215 × 108 5.24 

To study the factors affecting the attenuation of ultimate strength under elevate temperature conditions, the attenuation 
factor for ultimate strength is defined as IURi, where IURi=1-(Mi/M). Here, 'Mi' represents the ultimate strength at different 
temperatures, and 'M' represents the ultimate strength at room temperature. Figure 23 displays the ratio of the ultimate strength 
attenuation factor IUR to the width of each compartment. By analyzing the relationship between the compartment widths and the 
ultimate strengths under working conditions 1-4, it is observed that the ultimate strengths under working conditions 1, 2, and 
those under 3, 4 are grouped into two distinct categories after accounting for the width of the high-temperature area. 
Furthermore, the distances from the neutral axis to the high temperature regions are identical for working conditions 1, 2, and 
for 3, 4. Dividing the data by the distance from the neutral axis, as shown in Figure 24, reveals that the differences in ultimate 
strength between boundary conditions 1-4 are not significant. Therefore, it can be concluded that the ultimate strength under 
high temperature conditions is correlated with the distance between the high temperature region and the neutral axis. 

 
Figure 23: IURi/Wi under elevate temperature conditions 
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Figure 24: IURi/(Wi×Hi) under elevate temperature conditions 

6 Conclusions 

To evaluate and prediction the ultimate strength of ships under ship fire conditions more quickly, the Fire ISUM is 
proposed. Based on the force and displacement characteristic measured in the stiffened plate fire test, the stress-strain 
relationship of the stiffened plate under fire conditions was proposed. Compared to Fire Smith method, Fire ISUM has 
fewer elements and can evaluate the ultimate strength of the ship under fire conditions more quickly. 

Through simulations and Fire ISUM calculations of the ultimate strength of compartments with different elevated 
temperature conditions, it has been found that the trends in the simulation results and Fire ISUM results are similar. 
However, due to the initial imperfections in the ship used for the simulations, the values obtained from the simulations 
are smaller than those from the Fire ISUM. 

Through calculation, it was determined that high temperature is not the only factor affecting the attenuation of 
ultimate strength. Therefore, to study the factors influencing the ultimate strength of ships under high temperature 
conditions, the ultimate strength attenuation factor, IUR, was defined. This factor was used to relate the width of the 
elevated temperature area to the distance from the neutral axis. It was found that the proportion of the ultimate strength 
attenuation factor remained consistent when the width and the distance from the neutral axis were the same. This 
indicates that the main factors affecting ultimate strength attenuation under fire conditions are the width of the elevated 
temperature area and the distance from the neutral axis. 

At present, there are still limitations in the Fire ISUM. The assumed buckling deformation conditions used in the Fire 
ISUM cannot consider the influence of initial imperfections. In the future, theoretical and experimental research on the 
buckling strength of stiffened plates under initial imperfection conditions should be further improved. Currently, the 
element characteristics of the Fire ISUM are based on small-scale experiments. In the future, more ultimate strength 
tests should be conducted under ship fire conditions to correct the element characteristics of Fire ISUM and improve its 
accuracy. Additionally, Fire ISUM can be applied to ships with multiple decks to assess the impact of fires on large vessels. 
Currently, the temperature matrix of Fire ISUM directly defines temperature; in the future, fire temperature field 
algorithms can also be developed to better relate Fire ISUM to the impact of real fires 
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