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thách thức
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Abstract
Experimental investigations on the ultimate strength of ship hull structures mainly involve the following aspects: 
first, the similarity theory is applied to determine the scope of the model test; then, based on the similarity theory, 
a reasonable experimental model is designed. Subsequently, based on the principal particulars and structural 
data of the actual ship, the loading method and boundary constraints of the experimental model are determined. 
Structural model testing can provide valuable insight into structural behaviors that cannot be accurately predicted 
solely by theoretical analysis.

In this paper, the authors employ the experimental model method to investigate the structural behavior of river-
sea ships under pure torsional loading. Based on the results of the experimental model analysis, the relationship 
between the applied load, structural deformation, and structural strength is established, thereby providing a basis 
for the calculation and structural design of the river-sea ships structures.

Keywords: ship structure; river-sea ships structures; ultimate strength; pure torsion.

Tóm tắt
Nghiên cứu thực nghiệm về sức bền giới hạn của kết cấu thân tàu chủ yếu bao gồm các nội dung sau: trước 
hết, lý thuyết tương tự được áp dụng để xác định phạm vi của thí nghiệm mô hình; tiếp theo, trên cơ sở lý thuyết 
tương tự, mô hình thí nghiệm hợp lý được thiết kế. Sau đó, dựa trên các dữ liệu liên quan của tàu thực, phương 
pháp tải và điều kiện ràng buộc của mô hình thí nghiệm được xác định. Thí nghiệm mô hình kết cấu có thể giải 
quyết những vấn đề mà phương pháp phân tích lý thuyết đơn thuần không thể giải quyết được.

Trong bài báo này, nhóm tác giả dùng phương pháp thực nghiệm mô hình để phân tích trạng thái chịu xoắn thuần 
túy của kết cấu tàu pha sông biển. Từ kết quả phân tích thực nghiệm mô hình đưa ra mối quan hệ giữa tải trọng 
tác dụng và biến dạng và sức bền của kết cấu tàu, từ đó làm cơ sở cho việc tính toán, thiết kế kết cấu tàu chạy 
tuyến pha sông biển.

Từ khóa: Kết cấu tàu; kết cấu tàu pha sông biển; sức bền giới hạn; xoắn thuần túy.

Reviewers: 1. Prof.Dr. Phan Anh Tuan
                   2. Assco.Prof.Dr. Ngo Huu Manh

1. INTRODUCTION

In 2025, Zhengjie Li et al. employed nonlinear finite 
element analysis to evaluate the ultimate strength 
behavior of a container ship structure under combined 
bending and torsional loading conditions [1].

In 2022, José P. Quispe and Segen F. Estefen performed 
four-point bending tests on a ship hull box girder. The 
geometric dimensions of the experimental model 
were scaled from the double-bottom structure of a 

representative oil tanker midship section. Furthermore, 
nonlinear finite element models were established to 
investigate the ultimate strength characteristics of the 
structure under complex loading conditions [2].

In 2022, Vu Van Tan conducted a study on the ultimate 
strength and structural optimization of river-sea ships 
using finite element analysis, particularly under various 
sagging and hogging bending moment conditions [3].

In 2026, Zhuo Wang, Xiangshao Kong, and Weiguo Wu 
conducted experimental and numerical investigations 
to evaluate the behavior of ship structures under 
various loading conditions. The ultimate strength of the 
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investigated structure under combined bending and 
lateral pressure was first examined experimentally and 
subsequently validated using finite element analysis. 
The results indicated that the corner regions of the 
cargo hatch openings on the deck experienced the 
most severe deformation under sagging, hogging, 
and torsional loading conditions [4]. In 2025, Nemanja 
Ilic and Nikola Momcilovic conducted a pioneering 
evaluation of the ultimate strength of ten inland vessels 
using five different calculation methods, including 
progressive collapse analysis and nonlinear finite 
element analysis [5].

In 2020, the authors Bin Liu and C. Guedes Soares 
conducted a study on the ultimate strength of ship 
structures subjected to wave-induced loading conditions. 
The results indicated that the load-carrying capacity 
of the structure when the ship operated in waves was 
lower than its bending and torsional load-carrying 
capacity under gradually increasing loading conditions, 
as reported in previous structural analyses [6].

In 2026, Marco Gaiotti, Lars Brubak, and Bai-Qiao 
Chen, supported by the ISSC 2025 Ultimate Strength 
Committee, investigated the capability of nonlinear 
finite element simulations to predict the structural 
response and ultimate strength of stiffened panels 
under transverse compression through full-scale 
experimental benchmark tests [7]. In 2025, Yao Wang, 
Qingbo Zeng et al. further developed the “buckling 
strength driven similarity method” for designing scaled 
models of hull girders under combined bending-torsion 
loading by establishing similarity criteria related to 
ultimate shear stress and ultimate torque [8].

This study aims to analyze the bending behavior of 
river-sea ships structures, thereby providing a basis 
for analyzing the ultimate strength of ship structures 
under combined loading conditions. The study also 
aims to identify the critical structural regions that play 
a decisive role in the maximum bending and torsional 
load-carrying capacity.

Experimental investigations were conducted on the 
ultimate strength of a typical river-sea ships in order to 
evaluate the ultimate strength of their structures and to 
develop reference guidelines for the structural design 
of the river-sea ships based on structural optimization.

From the perspective of improving the ultimate 
strength of the river-sea ships structures, a systematic 
comparative study is carried out on the selection of 
principal dimensional parameters during the design 
stage of new vessel types. Based on the results of 
experimental model analysis, the optimization of 
structural parameters and the influence range of 
each parameter are investigated, thereby providing 
designers with a useful reference for determining a 

more reasonable and comprehensive set of design 
parameters.

Although several studies have investigated the 
ultimate strength behavior of ship structures using 
numerical methods, experimental studies on river-
sea shipsstructures subjected to torsional loading 
remain limited. In particular, the structural response 
and failure mechanism of large hatch-opening regions 
under combined bending-torsion loading have not 
been sufficiently clarified. Therefore, the present 
study focuses on the experimental investigation of the 
ultimate strength behavior of such structures.

2. EXPERIMENTAL MODEL
2.1. Experimental model parameters

By applying the similarity theory, the experimental 
model was designed based on the actual ship. The 
principal dimensions of the ship are presented in 
Table 1.

Table 1. Main dimensions of the ship

No. Item Symbol Dimension
1 Length Over all LOA 136.5 m

2 Length on waterline LWL 133 m

3 Length between perpendiculars LPL​ 130 m

4 Breadth B 25.6 m

5 Depth D 8.7 m

6 Draft d 6.3 m

7 Hatch opening breadth b 20.4 m

8 Block coefficient Cb​ 0.85

Based on the analyzed dimensions, the similarity laws of 
the model are expressed by the following equations [3]:

The similarity law for torsion is expressed as follows:

(1)

(2)

(3)

(4)

Where:
sw: Warping stre sses;
q: Angle of twist;
Iw: Torsional section modulus;
T: Torsional moment;
G: Shear modulus.
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Where:
P: Actual ship; 
m: Model. 
According to the above similarity law, the   dimensions 
of the cross-section of the experimental model are as 
follows:

Length of the experimental hull segment: 11.8 m. 
Length of the cargo hatch opening: 5.3 m. 
Width of the cargo hatch opening: 2.0 m.

2.2. Experimental arrangement

The loading method and the experimental model 
are shown in Figure 3 and Figure 4. To ensure the 
accuracy of the experimental results and to prevent 
the test section from being damaged or deformed 
by the supports and loading points, the structure of 
the test section was extended on both sides of the 
model [3]. Hydraulic cylinders were used to apply 
loads at positions C, D, E and F in order to produce 
bending deformation in the model. Loads applied 
simultaneously at points A and B generated torsion in 
the model. Positions A, B, C, D, E, and F were located 
on reinforced frames to avoid local deformation of the 
model under the action of the hydraulic cylinders [3].

Fig 1. Loading diagram of the experimental model

Fig 2. Photograph of the loading arrangement  
of the experimental model

To measure the variations in bending deflection 
and twist angle during the experiment, twelve dial 
indicators were symmetrically arranged on both sides 
of the bottom of the experimental model to measure 
the bending deflection. A total station was installed 
at the end face of the model to measure the variation 
of the twist angle during the loading process [3]. The 
arrangement of the dial indicators is shown in Figure 3.

Fig 3. Layout of dial indicators

2.3. Experimental loading scheme

The purpose of the experiment was to obtain the 
load magnitude and failure mode of the experimental 
model when ultimate failure under combined bending-
torsion loading occurred under the hogging condition. 
Therefore, the final ultimate failure loading scheme 
consisted of combined bending-torsion loading under 
the hogging condition. Since residual stresses may 
exist in the model due to the heat-affected zone 
generated during the welding process, repeated 
preloading and unloading within the elastic range were 
carried out before the ultimate failure test in order to 
eliminate residual stresses and obtain more accurate 
experimental results. At the same time, the loading and 
measurement systems could be adjusted to achieve 
their optimal working condition.

First, elastic-range preloading and unloading were 
performed on the experimental model under the pure 
torsion condition. During this stage, the hydraulic 
cylinders located in the middle part of the model, which 
were used to apply bending loads, were not operated.

After completing the preloading and unloading stage 
under pure torsion, preloading and unloading under 
bending loading were carried out while ensuring that 
the model remained within the elastic range. During this 
stage, the hydraulic cylinders located at the extension 
sections at both ends of the experimental model were 
not operated.

After completing the above elastic-range preloading 
and unloading processes under the two loading 
conditions, the data obtained from the measurement 
points were examined to identify and repair faulty 
points. Furthermore, the loading and measurement 
systems were further adjusted to prepare for the 
subsequent ultimate strength failure test.
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Finally, the ultimate failure loading test was conducted 
on the experimental model. First, a similarity-converted 
value corresponding to the maximum torsional moment 
experienced by the full-scale ship during service was 
applied to the model. Then, the applied bending load 
was continuously increased until ultimate strength 
failure occurred in the model [3], as shown in Figure 4.

Fig 4. Loading process up to ultimate failure

During the experiment it is necessary to generate a 
linearly distributed torsional moment along the hull 
girder. This can be achieved by placing hydraulic 
cylinders in the extension sections at both ends of the 
experimental model and adding supports at the bottom 
of the hull to form a force couple.

The bending load is applied through the hydraulic 
cylinders arranged at positions C-F, as shown in 
Figure 1, on the transverse bulkheads in the two 
cargo hold regions (the transverse bulkheads were 
specially reinforced). In this way, the corresponding 
bending moment load can be applied to the hull girder 
experimental model.

In order to obtain the stress variations in the critical 
regions during the model test, a total of 123 measuring 
points were arranged on the model. Among them, 9 
points employed unidirectional strain gauges, while the 
remaining points used 45° strain rosettes.

3. PROCESSING AND ANALYSIS OF EXPERIMENTAL 
RESULTS

During the bending-torsion ultimate failure loading 
stage, as the applied load gradually increased, local 
buckling first occurred in the deck edge plating near 
the hatch corner. When the ultimate state was reached, 
the stiffened plate panels in this region experienced 
overall instability failure. Moreover, the instability 
failure region expanded from the deck edge plating to 
the adjacent side shell plate panels. Accompanied by 
this phenomenon, the experimental model lost its load-
carrying capacity, and the ultimate bearing capacity 
of the model under the bending-torsion condition was 
obtained.

During the loading process, the strain measurement 
data and dial indicator readings were recorded each 
time the load was increased, so as to obtain the 

stresses in the important structural components of the 
model and to analyze the initial failure location and the 
corresponding failure load.

In this section, elastic preloading under pure torsional 
loading was carried out. On the one hand, the residual 
stresses in the model were released; on the other 
hand, the warping normal stresses caused by abrupt 
geometric changes were obtained. Typical measuring 
points located at the corners of the openings of the two 
cargo holds were selected, and the corresponding load 
- von Mises stress curves were obtained as follows:

Fig 5. Load-von Mises stress curves at hatch corner 
measurement point 1 of Cargo Hold No. 1

Fig 6. Load-von Mises stress curves at hatch corner 
measurement point 2 of Cargo Hold No. 1

Fig 7. Load-von Mises stress curves at hatch corner 
measurement point 3 of Cargo Hold No. 1
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Fig 8. Load-von mises stress curves at hatch corner 
measurement point 4 of Cargo Hold No. 1

Due to the disruption of the deck continuity caused 
by the cargo hold openings and the transverse 
deck girders, together with the effect of constraints, 
relatively large warping normal stresses are generated 
in this region under torsion. In order to investigate 
the magnitude and distribution trend of the normal 
stresses, the following figure shows the distribution of 
warping stresses at the corner regions of Cargo Hold 
No. 1.

Fig 9. Distribution of warping normal stress at the  
Corner Region of Cargo Hold No. 1

Table 1. Magnitudes of warping normal stress at the 
corner region of Cargo Hold No. 1

Warping tensile stress
(MPa)

Warping compressive 
stress (MPa)

2 3 1 4

42.4 105.6 -111.8 -38.9

Fig 10. Distribution of warping normal stress at the 
corner region of Cargo Hold No. 2

Table 2. Magnitudes of warping normal stress at the 
corner region of Cargo Hold No. 2

Warping tensile stress
(MPa)

Warping compressive 
stress (MPa)

2 3 1 4

91.4 35.6 -44.5 -88.9

During the experiment, a total of 12 dial indicators were 
arranged at the bottom of the ship model. These installed 
dial indicators enabled the accurate measurement of 
the deformation at the corresponding positions of the 
model. After data processing, the relationship curves 
between load and deformation were obtained. These 
curves clearly illustrate the deformation process of the 
model under progressively applied loads, and further 
analysis can be conducted to determine the ultimate 
failure load of the structure.

Through a series of model experiments, the ultimate 
longitudinal load-carrying capacity of the experimental 
model was obtained. It was also observed that the 
initial failure of the model occurred at the hatch corner 
region, where wrinkles first appeared and subsequently 
led to structural instability.

The stress values at corners 1, 2, 3, and 4 of Hatch 
No. 1 and Hatch No. 2 are presented in Table 1 and 
Table 2.

Unlike previous studies focusing mainly on numerical 
simulations, the present study experimentally 
investigates the ultimate torsional behavior of river-sea 
ships structures through a scaled structural model test.

4. CONCLUSION

This paper investigates the influence of torsional 
moments on the structure of river-sea ships. The 
research results provide a basis for further analysis 
of ship structures subjected to combined bending 
and torsional loads. Based on the model tests and 
subsequent data processing and analysis, the following 
conclusions can be drawn:

1. In the design of the experimental model, the similarity 
requirements between the model and the actual ship 
were established to satisfy the following conditions: 
Geometric similarity; Similarity of the sectional moment 
of inertia for vertical bending; Similarity of the distance 
between the neutral axis and the ship bottom; Similarity 
of the free torsional moment of inertia; Similarity of the 
restrained torsional moment of inertia.

The experimental results presented in this chapter 
can be used to predict the ultimate load-carrying 
capacity of river-sea ships with large open cargo holds. 
Analysis of the final results indicates that the stress 
values at the measuring points on the deck reached 
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the yield limit earlier. This demonstrates that, under 
the combined action of vertical bending and torsion, 
structural failure of this type of ship is initiated in the 
deck structure, and the deck members are more prone 
to failure than the bottom members. The main reason 
for this phenomenon is that the neutral axis of this type 
of ship is located farther from the deck and closer to 
the ship bottom; therefore, the section modulus at the 
ship bottom is much larger than that at the deck.

The present study provides experimental evidence for 
understanding the torsional ultimate strength behavior 
of river-sea-going ship structures. The obtained 
results may serve as a useful reference for structural 
optimization and safety assessment of ships with 
large hatch openings subjected to combined loading 
conditions.
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