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Abstract: In this study, the finite element method combined with the model test method are used
to investigate the ultimate strength of a target ship reactor hull structure under a pure bending
load. Based on the distortion similarity theory and nonlinear similarity method, a scale model of
the actual ship reactor hull structure is designed and the model collapse test is conducted. The
ultimate bending moment obtained by the model test is transformed to the actual ship through the
similarity transformation relationship and compared with the nonlinear finite element analysis result
of the actual structure. The results are consistent with each other, which indicates that the collapse
characteristics of the actual ship reactor hull structure can be better forecasted using the model test
results when the test model is designed based on the nonlinear similarity method and distortion
similarity theory.

Keywords: distortion similarity theory; nonlinear similarity method; reactor hull structure; ultimate
strength; collapse test

1. Introduction

The Arctic region’s abundant resources and its prospective role as a future shipping
hub have garnered significant attention from various countries. As a nation near the Arctic,
the opening of an Arctic shipping route is anticipated to make substantial contributions to
the transportation industry and economic development of the northern regions. Despite
China’s late initiation of icebreaker research, it has been actively engaged in icebreaker
design and manufacturing and is committed to the development of Arctic resources [1].
In 2013, China achieved observer status with the Arctic Council. In 2017, China formally
proposed the construction of the “Ice Silk Road”. In 2018, China released a white paper
titled “China’s Arctic Policy”. These measures show that China has adopted a positive
attitude toward the development of Arctic resources [2]. Currently, “Snow Dragon”, a
polar research ship independently designed and built by China, stands as the largest in the
country. It has extremely strong cold-resistant ability, and it can continuously break ice of
1.5 m thick and snow of 0.5 m thick at speeds of 2–3 knots [3].

In recent years, the utilization of nuclear energy for icebreakers has been a topic
of ongoing discussion. Compared with conventional icebreakers, nuclear icebreakers
have the advantages of superior endurance, increased icebreaking capacity and improved
maneuverability [4]. As an environmentally friendly and efficient energy source, nuclear
energy holds significant potential for future development. For nuclear icebreakers, the
safety and reliability of the reactor cabin structure are very important. Once the reactor
hull structure is damaged and radioactive materials are leaked, it may cause loss of life
and property, and it may have an influence on the external environment. The ultimate
strength represents the maximum carrying ability of the hull structure, and it is crucial for
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ensuring the safety and reliability of the hull structure. Therefore, it is of great significance
to investigate the ultimate strength of the nuclear icebreaker reactor hull structure.

There are theoretical research methods and model test methods to investigate the hull
structure’s ultimate strength. The theoretical research method, however, is plagued by
issues related to its calculation accuracy and application scope. Consequently, the most
essential and reliable method to elucidate the collapse mechanism and ultimate strength of
the hull structure is the model test method [5].

When conducting a hull structure model test, it should have a similarity transformation
relationship between the actual ship and the scale model, so that the model test results can
be accurately translated to the actual ship [6,7]. The design of the scale model plays a crucial
role in analyzing the collapse behavior and determining the ultimate strength of the actual
ship [8–10]. Shi and Wang conducted studies on the bending similar model and torsional
similar model of a container ship, and found that before reaching the proportional limit,
the calculation results of the model test closely matched those of the actual ship within
the proportional limit but diverged significantly beyond that point [11]. Xie investigated
the similarity criterion on the basis of theoretical analysis and revised the model test
prediction results by the linear regression method, which has a high accuracy in the linear
stage [12]. Zhang conducted a box girder model test to examine the ultimate strength, while
also analyzing the limitations of the directional dimension analysis method [13]. Wang
discovered that the scaling factor for the plate thickness cannot be the same as that for
the other geometric lengths, and it took out the uncertainty of the transformation process
between the test model and the actual ship [14]. Therefore, it is essential to account for
nonlinear factors in the design of the scale model to guarantee that its nonlinear behavior
aligns with that of the actual ship.

In recent years, numerous scholars have conducted research on the similarity of struc-
tural nonlinear behaviors. Numerous experiments and computational research studies have
demonstrated a strong correlation between the slenderness ratios of plates and stiffeners
and the ultimate strength of plates and stiffened plates under axial compression [15]. Zhou
proposed a stability compensation approach for designing test models subjected to bending
moments, which took into account the local buckling [16]. Pei designed a river-sea-going
ship similar model in consideration of nonlinear factors, including the slenderness ratio of
plate and stiffener [17]. Garbatov designed a model with the same slenderness ratio as the
actual ship, and the actual ship’s ultimate bending moment could be calculated through
the similar transformation from the test results [18]. The main parameters that influenced
the collapse behavior of the stiffened plate were investigated by Zhu, and he proposed the
nonlinear similarity method for the hull structure under bending and torsional moments
separately [19]. Pei and Cheng investigated the ultimate strength of ship structures under
combined bending and torsional moments, where a similar model was designed and a
collapse test was conducted, and the test result could accurately predict the actual ship’s
ultimate bending and torsional moment [20].

In this study, based on the distortion similarity theory, linear similarity criterion and
nonlinear similarity method, a reasonable and reliable similar model of a reactor hull
structure was designed and a collapse model test under a longitudinal bending moment
was conducted, where the ultimate strength of the actual reactor hull structure was obtained
through the similar transformation of the test result.

2. Distortion Similarity Theory

The hull structure is a typical thin-walled structure, which is composed of vertical and
horizontal stiffeners as the skeleton and thin plates as the covering. Compared with the
conventional structure, it can withstand greater loads per unit mass of material, so it is
widely used in the field of aerospace and marine engineering.

To achieve structural response similarity between the model and the actual ship, it is
crucial to maintain similarity in both the geometry and loading conditions. However, due
to the great difference between the line dimension scale and the thickness scale of a thin-
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walled structure, the distortion caused by the thickness similarity constant will inevitably
be encountered in the similar design of a thin-walled structure, and the traditional similarity
theory is not applicable to the similarity design of such a structure. In order to solve the
problem, the dimension [t] of the thickness scale should be expanded to the basic dimension.
The following principles should guide this expansion:

(1) The determination of the concrete object for the dimensional extension is based on the
results of a dimensional analysis of the physical quantities involved in the studied
physical phenomena. Therefore, the extended dimension must meet this criterion:
it should be expressible by the dimension of one or more physical quantities in
the phenomenon.

(2) The newly expanded dimension must be physically independent from the other
fundamental dimensions.

(3) Based on the fundamental characteristics of the physical parameters, the exponents
of the extended dimension can be reasonably assigned and determined without
destroying its homogeneity.

Based on the extension principles of the basic dimensions, the length L, width B and
thickness t are all considered part of the same length dimension. However, they play differ-
ent mechanical roles within a thin-walled structure and possess different physical properties.
Consequently, the thickness parameter in a thin-walled structure can be regarded as a new
independent basic dimension [t], and along with the line dimension [L] (including length L
and width B), these dimensions serve as the foundation for similarity analysis.

By considering the plate’s thickness as an independent dimension from the linear
dimension in the similarity analysis, a test model designed based on the distortion similarity
theory will ensure that the structural responses of the actual ship and the test model
are consistent.

3. Test Model Design

Based on the distortion similarity theory and nonlinear similarity method under a
pure bending moment, a similar test model of a nuclear-powered icebreaker reactor hull
structure is designed to maintain the similar relationship between the test model and the
actual ship during the collapse process.

3.1. Linear Similarity Principle

In thin-walled structures, the moment of inertia is a critical parameter representing the
structural stiffness, whereas the height of the neutral axis signifies the structural strength.
Traditional similarity theories often fail to account for the unique characteristics of thin-
walled structures, particularly the significant differences between the linear dimensions
and the thickness dimensions. Applying the distortion similarity theory to thin-walled
structures enables a more accurate and reliable simulation of the structural responses.
This methodology ensures that both the moment of inertia and the neutral axis height are
scaled appropriately.

Based on the dimensional–directional analysis [21], the similarity principle of the
moment of inertia is expressed as follows [22].

CI = Is/Im = C3
LCt

Ce = es/em = CL

CL = Ls/Lm

Ct = ts/tm

where C represents the similarity coefficient between the actual ship and the test model;
I represents the moment of inertia; e represents the neutral axis height; L represents the
structure length; t represents the plate thickness; the subscript s means the actual ship; and
m means the test model.
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3.2. Nonlinear Similarity Method

It is noted that the stiffened plate is the basic unit of a hull structure, meaning that its
collapse characteristics play an important role in the collapse characteristics of a hull girder.

Some researchers found that the collapse characteristics of stiffened plates under
compression are greatly influenced by both the plate slenderness ratio (β) and the stiffener
slenderness ratio (λ) [19].

A series of studies indicated that for stiffened plate structures of different scales, as
long as the slenderness ratios of the plates and stiffeners are consistent, their collapse
characteristics under a compression load will basically be the same. The formulas defining
these parameters are as follows [19].

β = (b/t)
√

σY/E

λ = (a/r)
√

σY/E

r =
√

I/A

where a represents the length of the plate; b represents the width of the plate; t represents
the plate thickness; σY is the yield strength of the material; E is Young’s modulus; A is the
cross-section area of the stiffener; I is the moment of inertia; and r represents the radius of
gyration of the stiffener.

By modifying the size and spacing of the stiffeners in the similar model to ensure that
the β and λ of the similar model are the same as those of the actual ship, the stiffened plate
structure at the corresponding positions on both the actual ship and the test model can
have the same nonlinear behavior. This ensures that the model accurately replicates the
actual ship’s responses in nonlinear conditions. The nonlinear similarity method can be
expressed as follows [20].

βs = βm

λs = λm

3.3. Design of Test Model

The test model is designed in accordance with distortion similarity principles, taking
into account the similarity of the inertia moments and the neutral axis. The nonlinear
similarity approach is utilized to determine the structural dimensions and arrangements
for the model. If the discrepancy in the section properties between the model and the actual
ship remains below 5%, the model is considered to meet the requirements. Conversely,
adjustments to the stiffeners’ size and spacing are required to satisfy these criteria. The
design process is depicted in Figure 1.

Upon meticulous consideration of factors such as the expenses, laboratory conditions,
and model fabrication requirements, the geometric similarity factor CL is set as 10. Accord-
ing to the distortion similarity theory, the thickness is treated as a separate variable and the
thickness similarity ratio Ct is set as 6.

The comparative analysis of the cross-sections between the actual ship and the test
model is illustrated in Figure 2. In the test model, the three platforms near the neutral axis
of the actual ship are consolidated into a single platform due to their minimal effect on the
ultimate bending moment. The number of stiffeners may be appropriately reduced while
maintaining the similarity cross-section properties. All the stiffeners in the test model are
flat steel.

The cross-section properties between the actual ship and the test model are compared
in Table 1, and the errors are all less than 5%. This shows that the typical characteristics
between the actual ship and the test model can be kept consistent.
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Table 1. Comparison of the cross-section properties.

Item Actual Ship Similar
Transformation Test Model Error

Height of neutral axis (mm) 8788.0 878.8 875.5 0.3%

Section area (mm2) 7.60 × 106 1.27 × 105 1.24 × 105 2.2%

Moment of inertia (mm4) 2.77 × 1014 4.62 × 1010 4.77 × 1010 3.2%

4. Collapse Model Test
4.1. Test Plan

The test model sketch is shown in Figure 3. There are two oil jacks that act on the top
of the test model, and two round bars at either end. The boundary conditions are detailed
in Table 2. The load is applied on the top of the two transverse bulkheads in the middle of
the test model by a distributive girder, thereby generating bending moments in conjunction
with the constraint sections.

J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW 6 of 13 
 

 

 
Actual ship Test model 

Figure 2. Comparison of the typical cross-section structure. 

The cross-section properties between the actual ship and the test model are compared 
in Table 1, and the errors are all less than 5%. This shows that the typical characteristics 
between the actual ship and the test model can be kept consistent. 

Table 1. Comparison of the cross-section properties. 

Item Actual Ship Similar  
Transformation 

Test Model Error 

Height of neutral axis (mm) 8788.0 878.8 875.5 0.3% 
Section area (mm2) 7.60 × 106 1.27 × 105 1.24 × 105 2.2% 

Moment of inertia (mm4) 2.77 × 1014 4.62 × 1010 4.77 × 1010 3.2% 

4. Collapse Model Test 
4.1. Test Plan 

The test model sketch is shown in Figure 3. There are two oil jacks that act on the top 
of the test model, and two round bars at either end. The boundary conditions are detailed 
in Table 2. The load is applied on the top of the two transverse bulkheads in the middle of 
the test model by a distributive girder, thereby generating bending moments in conjunc-
tion with the constraint sections. 

  
(a) Three-dimensional sketch (b) Actual assembly 

Figure 3. Test model sketch. 

Table 2. Boundary conditions. 

Position Ux Uy Uz θx θy θz 
Bottom of the fore 

transverse bulkhead 0 0 0 0 - 0 

Figure 3. Test model sketch.

Table 2. Boundary conditions.

Position Ux Uy Uz θx θy θz

Bottom of the fore transverse bulkhead 0 0 0 0 - 0

Bottom of the end transverse bulkhead - 0 0 0 - 0

According to the finite element calculation result, there are a total of 160 strain gauges
positioned at three critical cross-sections in the middle area to analyze the stress distribution
situation and collapse behavior, as shown in Figure 4. The arrangement of the strain gauges
for the midship section is shown in Figure 5. Additionally, dial indicators are installed at the
base of the load transverse bulkhead to measure the displacement in the vertical direction.

To alleviate the effects of the welding residual stress, the test model is subjected to
repeated preloading and unloading in the elastic phase. Once the system has been set up
and debugged, the testing phase commences. During the loading process, the loads at
both loading positions are progressively increased, with the structural responses being
meticulously documented. As the load intensifies, the stress level of the structure also
escalates until failure occurs. The maximum bending moment that the model can withstand
is considered to be its ultimate strength.
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4.2. Test Result

The bending moment at the midship section is ascertained by analyzing the applied
load. Figure 6 illustrates the correlation between the bending moment and the displacement.
The bending moment is taken as the vertical coordinate and the vertical displacement of
the loading position is taken as the horizontal coordinate. The slope of the curve represents
the bending stiffness of the test model.

During the initial phase of the model testing, the applied load is minimal, and the
structure remains in the elastic phase. As the load progressively increases, the main deck
plate in the central region of the test model buckles first, resulting in a decrease in stiffness.
With the expansion of the buckling region, the bearing capacity of the structure gradually
decreases. Ultimately, the test model collapses due to the overall buckling failure of the
main deck plate and hull shell plate, as shown in Figure 7. The ultimate bending moment
is Mm = 1.10 × 1010 N·mm.
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Figure 7. Collapse situation obtained by the collapse model test.

Finite element analysis is performed on the test model to confirm the results of the
model tests. The elements are finely sized to precisely replicate the buckling and collapse
behaviors. The boundary condition and loading method are replicated to match those used
in the model test. The stress distribution and collapse situation calculated are shown in
Figure 8. Compared with the model test results, it can be seen that the test results and the
finite element results have the same collapse situation and the collapse positions are also
consistent, where the overall buckling failure occurs in the main deck plate and the hull
shell plate. The results demonstrate a correspondence between the progressive collapse
behavior observed in both the nonlinear finite element analysis and the model test.

The different moment–displacement curves are compared in Figure 9, which shows
that the two lines coincide with each other in basically the linear stage. The error of
the ultimate bending moment in the different results is 12.7%. As the influence of the
welding residual stress produced during model manufacturing is not considered in the
finite element analysis, the finite element result is greater than the test result.
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5. Ultimate Bending Moment of the Actual Ship
5.1. Result Predicted from the Model Test

The test model is crafted based on the distortion similarity theory and the nonlinear
similarity method so that the ultimate strength of the actual ship’s structure can be predicted
through the similarity transformation relationship from the model test result.

The geometric ratio is set as CL = 10 and the thickness ratio is set as Ct = 6. The bending
moment ratio CM can be calculated [22] as follows.

CM = CL
2Ct

The ultimate bending moment of the actual ship Ms can be converted as follows.

Ms = CL
2CtMm

where Mm is the ultimate bending moment of the test model.
According to the test result, Mm is 1.10 × 1010 N·mm, so that the ultimate bending

moment of the actual ship can be predicted as Ms = 6.59 × 1012 N·mm.

5.2. Result Calculated by Nonlinear Finite Element Analysis

Nonlinear finite element analysis is applied to the reactor hull structure of the actual
ship, and the finite element model is shown in Figure 10. The model utilizes an elastic-
perfectly plastic material assumption and includes 4-node doubly curved shell elements
(S4R) and 3-node triangular shell elements (S3). The loading and boundary conditions are
the same as those used in the model test.
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Table 3. Comparison of the ultimate bending moment.

Ultimate Strength Predicted Result Calculated Result Error

Ultimate bending moment (N·mm) 6.59 × 1012 7.45 × 1012 11.5%

The structure of an actual reactor is significantly more complex than that of an ordinary
ship. Consequently, the test model for the reactor is also more intricate compared to ship
models studied in the past. This increased complexity may amplify the impact of the
welding residual stress, which is not accounted for in the finite element analysis. As a
result, the error is slightly larger than anticipated.

6. Conclusions

In this study, the finite element method and model test method are combined to
investigate the collapse situation and ultimate strength of a ship reactor hull structure
under a pure bending moment. The test model, designed using the distortion similarity
theory and the nonlinear similarity method, is subsequently tested, and the results are
compared with those from the finite element analysis. The findings indicate that the
combined research method effectively captures the collapse situation and ultimate strength,
with the model test results coinciding well with the finite element analysis. The main
findings are as follows.



J. Mar. Sci. Eng. 2024, 12, 1184 12 of 13

(1) The distortion similarity theory and improved nonlinear similarity method are used
to design the test model of the actual ship reactor hull structure. The cross-section
properties of the test model and actual structure satisfy the similar ratio, which
indicates that the test model is similar to the actual structure. The model design
method adopted in this study is reasonable and reliable.

(2) The collapse position, collapse situation and ultimate bending moment of the model
test and test model finite element analysis are consistent. This verifies the accuracy of
the finite element analysis results.

(3) The collapse position and collapse situation of the model test and actual ship structure
finite element analysis are consistent. The ultimate bending moment obtained by
the model test is 1.10 × 1010 N·mm and transformed to the actual ship structure it is
6.59 × 1012 N·mm through the similarity transformation relationship. The ultimate
bending moment of the actual ship obtained by finite element analysis is 7.45 × 1012

N·mm. The error between them is 11.5%. It is proved that the test model designed
based on the distortion similarity theory and nonlinear similarity method can better
predict the ultimate strength of the actual ship.
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