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Abstract
Damage to the ship can threaten its overall strength, which in turn affects the structural safety of the hull and its subsequent use. Recognizing 
ongoing damage immediately and effectively is crucial. This paper examines a method based on curvature modes to identify ship damage. The 
effectiveness of this method is investigated when the ship experiences simultaneous and successive damage. The ship is simplified as a hull 
girder with free boundary conditions. Six different damage cases are analyzed through numerical simulations and experiments. Results show 
that the curvature mode index can effectively identify two separate damages when the ship is damaged in two locations simultaneously. Additionally, 
when the ship is subjected to continuous attacks, the curvature mode index can accurately detect new damage without being affected by existing 
damage. The proposed method offers a novel approach to double damage identification in hull girders, providing valuable insights for real-time 
ship safety assessment.
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1  Introduction

Identifying ongoing damage to ships is crucial for effec‐
tive damage control and ensuring the safety of lives and 
property. Ships are often subjected to multiple, successive 
attacks from different weapons, making it essential to assess 
the extent of the damage quickly and accurately. Since the 
start of the Russian–Ukrainian conflict, several warships 
have been attacked, including the cruiser Moscow. Recently, 
after Ukrainian drone boats attacked two large Russian patrol 
ships 340 km southwest of Sevastopol, they also damaged 
a Russian tank landing ship anchored at the naval base in 
the port of Novorossiysk, affecting several Russian warships. 
During these incidents, technicians struggled to assess the 
loss of hull strength in a timely manner, which notably 
hampered damage control efforts. The aforementioned case 

highlights the urgent need for a reliable method to effectively 
identify ongoing damage in engineering applications.

Only a few effective methods for identifying ship struc‐
tural damage are currently available, and research on iden‐
tifying multiple damages to ships is lacking. In this field, 
Zhang et al. (2022b, 2021a, 2021b, 2020) proposed an 
indirect damage identification method based on dynamic 
parameters. This method primarily addresses the problem 
of stiffness loss. The ship safety assessment focused on the 
problem of strength loss, and a new method was proposed 
to calculate strength loss based on stiffness loss. Aiming to 
address the challenge of assessing ship damage in real time, 
an indirect damage identification method based on a proba‐
bilistic neural network was introduced, which is a data-driven 
approach. Additionally, an improved damage indicator was 
defined to locate the damage. In the fields of civil engineer‐
ing, aeronautical engineering, and bridge engineering, 
domestic and foreign scholars have made considerable 
achievements in the identification of multiple damages. 
With the in-depth research into the damage of large engi‐
neering structures, the use of curvature mode shapes to detect 
multiple damage in beams has become a research focus. 
However, an inherent limitation of curvature mode shapes 
lies in their susceptibility to measurement noise, which 
can diminish their effectiveness in detecting multiple dam‐
ages. Aiming to overcome this drawback, Cao et al. (2014) 
investigated the synergy between the wavelet transform and 
the Teager energy operator to improve the curvature mode 
shapes. Additionally, Ahmad et al. (2019) used a filtering 
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technique on curvature mode shapes combined with a gap 
smoothing method for detecting multiple damages in plate 
structures, achieving improved results in damage detection. 
Yang et al. (2012) combined the AWCD method with cur‐
vature mode shape data and applied it to the detection of 
multiple damages in beams. Janeliukstis et al. (2017) devel‐
oped a damage identification algorithm for beams with 
multiple damage points based on mode wavelet transform, 
which effectively captures the damaged regions. Xie et al. 
(2018) proposed a multidamage identification method for 
cantilever beams, using modal curvature to locate the dam‐
age and employing particle swarm optimization with a Krig‐
ing agent model to assess the damage degree. Altunisik et al. 
(2017) conducted a detailed study on modal parameter 
identification and vibration-based damage detection for 
multicracked hollow circular section cantilever beams. Wu 
et al. (2017) proposed a fast multistage method based on 
multidamage location assurance criteria and an improved 
differential evolution algorithm, which successfully identified 
the exact location and extent of structural damage. Le et al. 
(2019) introduced a damage identification method for low-
density truss core plates, utilizing a flexibility matrix and 
Teager’s energy operator. This method proved to be reli‐
able and effective for identifying single and multiple 
damages in truss core plates. Hu et al. (2019) simulated the 
propagation of Lamb waves in steel plates with double 
cracks and performed damage identification and imaging 
of double-crack damage in a steel plate. Their approach 
combined finite element analysis with experimental studies. 
Kuroki et al. (2011) proposed a method for multiple dam‐
age identification and analysis using modified structures, 
where additional mass is integrated into certain parts of 
structural members. Ouyang et al. (2016) introduced a 
method for multiple damage identification and imaging 
based on an effective Lamb wave response automatic extrac‐
tion algorithm, which can quickly and efficiently identify 
single and multiple damages. Ma and Solis (2019) devel‐
oped a nonmodel-based two-step damage location and quan‐
tification method that accurately locates and quantifies 
multiple closely spaced cracks in a beam. The above studies 
provide valuable insights and references for research on 
multiple damage identification in ship structures.

In this paper, the curvature mode method is used to iden‐
tify double damage in hull girders under various conditions. 
The modal data are obtained using the finite element method 
and experimental modal analysis. The total vibration modes 
of variable-section beams and homogeneous beams are simi‐
lar; thus, the variable-section hull girders are simplified to 
homogeneous beams for modeling convenience. The effec‐
tiveness of the hull girder damage identification under dif‐
ferent conditions is verified through experiments. Using 
the modal assurance criterion (MAC) method, the measure‐
ment point of the acceleration sensor is optimized. Modal 
shapes of fully free beams in intact, single-damaged, and 

double-damaged states are obtained through modal tests 
using the single excitation method. The curvature mode 
difference and its mean value index are adopted for dam‐
age identification of the hull girder. The accuracy of identi‐
fying different double damage conditions is analyzed. Under 
two scenarios of ship attacks, the curvature mode method 
is demonstrated to be effective for double damage identifi‐
cation, offering a novel approach and methodology for 
multiple damage identification in ships.

2  Damage identification theory

Ship damage leads to changes in the natural frequency 
and mode shape of the structure, with mode shapes being 
more sensitive indicators of damage than frequency shifts. 
Common modal-based damage identification methods 
include the MAC, coordinate modal assurance criterion 
(COMAC), displacement modes, curvature modes, and strain 
modes. Although higher-order modes are more responsive 
to local damage, they are challenging to measure accurately 
and often result in higher recognition errors when using 
MAC and COMAC. In contrast, the curvature mode method 
offers superior accuracy in damage detection. Therefore, 
this study adopts the curvature mode method to identify 
various double damage scenarios in hull girders.

2.1  Damage localization based on curvature mode

According to the mechanics of materials, the basic for‐
mula for one-dimensional beam bending deformation is 
given as follows:

M ( )x
E ( )x I ( )x

=
1

ρ ( )x
(1)

When a structure is damaged, its bending stiffness 
decreases, leading to an increase in curvature. Therefore, 
the curvature mode shape exhibits a notable change. Struc‐
tural damage can then be identified by comparing the cur‐
vature mode shapes before and after damage occurs. Accord‐
ing to Pandey et al. (1991), curvature mode shapes can be 
derived by performing a numerical differentiation of the 
measured displacement mode shapes.

φ″i ( x ) =
φ i ( j − 1) − 2φ i ( j ) + φ i ( j + 1)

h2
(2)

where φ i ( j ) is the ith mode shape value of the jth node, 
and h is the distance between nodes. Compared with the 
curvature mode, the curvature mode difference demonstrates 
a superior capability to discriminate structural damage. 
Therefore, the curvature mode difference is chosen as the 
index for damage identification in this paper. The absolute 
value expression of the curvature mode difference is pre‐
sented below.
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Δφ″ = ||φ″d − φ″r (3)

where Δφ″ is the curvature mode difference, φ″d is the cur‐
vature mode of the damaged structure, and φ″r is the curva‐
ture mode of the intact structure.

A large curvature mode difference typically corresponds 
to the location of structural damage. By flexibly compar‐
ing index changes at each location, damage can be identi‐
fied with high accuracy. However, in practice, peak values 
of the curvature mode difference may appear not only near 
the damage site but also in areas far from the damage, poten‐
tially leading to misjudgment. Aiming to eliminate errors 
associated with higher-order indicators, the average value 
of the curvature mode difference from the first four mode 
shapes is used to realize damage localization.

2.2  Damage degree identification based on 
perturbation method

Based on the Euler–Bernoulli equation, the vibration dif‐
ferential equation of the hull girder is given as follows:

∂2

∂x2

ì
í
î

ïï
ïï
EI ( x) ∂2[ ]v ( )x, t

∂x2

ü
ý
þ

ïïïï
ïï

+ ρ ( x) ∂2

∂t2 [v ( x, t ) ] = 0 (4)

where EI ( x) is the bending stiffness, v ( x, t ) is the longitu‐
dinal displacement, and ρ ( x) is the density of the hull girder 
per unit length.

Only the local stiffness loss is considered in this study 
for structural damage simulation, overlooking the mass loss. 
The separation variable method is adopted to solve the fol‐
lowing vibration differential equation:

∂2

∂x2
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EId( x) ∂2[ ]ϕd
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∂x2

ü
ý
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ïï
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− ρ ( x) λd
i [ϕd

i ( x) ] = 0 (5)

where λd
i  is the characteristic value of the damaged beam 

equation, ϕd
i ( x) is the characteristic vector of the solution 

of the damaged beam equation, EId( x) is the damage stiff‐
ness. The relationship between the stiffness of intact hull 
girder is as follows:

EId( x) = EIi( x){ }1 − ε [ ]H ( )x − x1 − H ( )x − x2 (6)

where EIi( x) is the stiffness of the intact hull girder, ε is 
the degree of damage (0 < ε < 1) for a small amount, 
H ( x − xi ) is the unit step function, x1 and x2 are the start‐

ing point and end point of the damaged area.
The smaller ε is expanded using the perturbation method, 

and the asymptotic solution is as follows (Zhang et al., 
2022b).

λd
i = λ0

i − ελ1
i + o ( ε2 )

ϕd
i ( x ) = ϕ0

i ( x ) − εϕ1
i ( x ) + o ( ε2 ) (7)

The governing equation of a damaged hull girder is 
derived by substituting the relevant parameters into the dif‐
ferential equation of the vibrating hull girder

ε0: EIi

∂4

∂x4 [ ]ϕ0
i ( x ) − λ0

i ρϕ
0
i ( x ) = 0 (8)

ε1: EIi
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1
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0
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The modal shape of the damaged hull girder is shown 
below.

ϕd
i ( x ) = ϕ0
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i ( x ) =
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(10)

When the hull structure is damaged, the curvature mode 
difference is calculated, from which the degree of damage 
is then determined.

ε =  − Δ/
ì
í
î

∑
j = 1, j ≠ i

n λ0
i

λ0
i − λ0

j
( )G1j − G2j + G3j − G4j − G5j

[ ]ϕ0
j ( x ) ″ − ü

ý
þ

[ ]H ( )x − x1 − H ( )x − x2 [ ]ϕ0
i ( x ) ″ (11)

where Δ is the modal difference of hull girder curvature,

G1j =
∂
∂x
ϕ0

i ( x )|x = x1∫
0

L

x − x1 ϕ0
j ( x )dx

G2j =
∂
∂x
ϕ0

i ( x )|x = x2∫
0

L

x − x2 ϕ0
j ( x )dx

G3j = ϕ0
i ( x1 ) ∫

0

L

H ( )x − x1 ϕ
0
j ( x )dx

G4j = ϕ0
i ( x2 ) ∫

0

L

H ( )x − x2 ϕ
0
j ( x )dx

2.3  Sensor optimal placement method

For large structures, damage identification typically 
requires a substantial number of sensors. However, an exces‐
sive number of sensor networks raise maintenance costs, 
funding requirements, and data volume. In addition, dur‐
ing modal testing, the number and placement of sensors 
notably impact the accuracy of the modal test results, 
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which, in turn, directly affects the reliability of damage 
identification. In this paper, the MAC method is selected 
as an evaluation index to optimize the testing scheme for 
feature signals. The MAC is calculated as follows.

MAC ij =
é
ë

ù
û( )φu

i

T
φd

j

2

é
ë

ù
û( )φu

i

T
φu

i
é
ë
êêêê ù

û
úúúú( )φu

j

T

φu
j

(12)

where {ϕi} and {ϕj} represent mode vectors of orders i and 

order j, respectively. When the nondiagonal elements of 
the MAC matrix are equal to 0, it indicates that the i-order 
and j-order modal vectors are orthogonal and can be easily 
identified. Conversely, when the nondiagonal element is 
equal to 1, it means that the intersection angle between the 
i-order and j-order modal vectors is zero, making the two 
vectors indistinguishable.

3  Damage simulation

3.1  Finite element model

Two cases of hull girder damage are considered. In the 
first case, the ship experiences two simultaneous attacks. 
In the second case, the ship sustains an initial damage and 
is subsequently subjected to another attack, causing addi‐
tional damage. A total of six working conditions are defined 
across the two cases. In working conditions ①, ② and ③, 
the damage occurs at units 5 and 9, with the same damage 
degree. In working conditions ④ , ⑤ and ⑥ , the damage 
occurs at units 12 and 15, with different damage degrees 
(shown in Table 1).

The numerical simulation model has dimensions of 6 m 
in length, 0.2 m in width and 0.1 m in height. Using line 

modeling applied to the section properties, the model com‐
prises 20 segments and 21 nodes, with each segment measur‐
ing 0.3 m in length. The cross-sectional shape is rectangu‐
lar, and the plate thickness is 5.5 mm, as shown in Figure 1. 
The material properties are as follows: modulus of elasticity 
of 2.06 × 1011 Pa, density of 7 850 kg/m3, and Poisson’s 
ratio of 0.3. The model is subjected to fully free boundary 
conditions.

According to the vibration equation of the hull girder, the 
vibration modes are determined based on the modal displace‐
ments in the vertical degrees of freedom at the 21 nodes. 
Aiming to stimulate stiffness loss, different section sizes 
are assigned by varying the plate thickness, thereby reduc‐
ing the sectional moment of inertia. The plate thickness 
values corresponding to different damage degrees are listed 
in Table 2. Modal analysis of the simulation model to extract 
vibration pattern data under intact and damaged conditions 
across various working scenarios.

3.2  Experimental model

The dimensions of the experimental model are similar 
to those of the FE model, with a total weight of 169.96 kg 
and a material density of 7 850 kg/m3. The model comprises 
20 segments and 21 nodes, as shown in Figures 2 and 3, 
respectively. The experimental model is divided into three 
groups. The first group represents the beam in its intact 
condition. The second group corresponds to the beam with 
single damage, and the third group includes the beam with 

Table 1　Damage conditions

Damage condition

Based on the 
intact condition

Based on single 
damage condition

Damage unit

Unit 5

Unit 9

Working condition

Unit 12

Unit 15

Working condition

Unit 5

Unit 9

Working condition

Unit 12

Unit 15

Working condition

Degree of damage

15%

15%

①
25%

15%

④
15%

Pre-existing damage

③
25%

Pre-existing damage

⑤

25%

25%

②
45%

25%

⑤
25%

④
45%

⑥

45%

45%

③
15%

45%

⑥
45%

③
15%

⑦

Figure 1　Simulation model

Table 2　Damage degree corresponds to the thickness of the section 
plate

Section plate thickness (mm)

5.5

4.6

4.0

2.8

Degree of damage

intact

15%

25%

45%
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double damage. The damage conditions are similar to those 
in the simulation, divided into two cases with six damage 
conditions. During the damage tests, stiffness loss is simu‐
lated by introducing notches of different sizes to the corre‐
sponding elements, as shown in Figure 4.

The notch sizes corresponding to damage units with dif‐
ferent damage degrees are shown in Table 3.

The structure is often supported using suspension brac‐
ing and fixed bracing to simulate free boundary condi‐
tions. Suspension bracing involves suspending the struc‐
ture with elastic ropes, allowing it to move freely within a 
fixed space. This type of support minimally influences the 

behavior of the beam model. In addition, to further improve 
the accuracy of boundary condition simulation, the posi‐
tions of the suspension points are determined based on the 
modal characteristics of the test model. The effects of the 
limitations of experimental conditions are effectively reduced 
by placing the suspension points at nodes corresponding to 
higher-order vibration modes.

The Donghua5902 modal test system is used in the experi‐
ment. This system comprises a data acquisition instrument, 
a laptop computer equipped with embedded modal analysis 
software, and a force hammer, as shown in Figure 5. Based 
on the modal characteristics of the model, 13 acceleration 
sensors are employed to conduct the modal tests.

The single-input–multi-output method is used to identify 
and analyze the modal information of the test model. Aiming 
to minimize errors in calculating the frequency response 
function from a single test, the dynamic response signal 
(Figure 6) is recorded using five excitations. The correspond‐
ing frequency response information is then linearly aver‐
aged to reduce experimental errors and improve accuracy.

3.3  Sensor placement optimization and verification

According to the sensor placement optimization method 
based on the MAC, the optimal placement of measurement 
points should minimize the nondiagonal elements of the 
MAC matrix. In this study, the sum of all elements in the 
MAC matrix is used as the evaluation index. The placement 

Figure 2　Experimental model

Figure 3　Node numbers

Figure 4　Stiffness loss simulation diagram

Table 3　Notch size and stiffness loss

Damage simulation

Notch 1

Notch 2

Notch 3

Schematic Notch size

300 mm × 60 mm

300 mm × 96 mm

300 mm × 146 mm

Stiffness loss

15%

25%

45%

Figure 5　Test design diagram

Figure 6　Dynamic response signals
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scheme of the measurement points is determined through 
iteration, aiming to minimize this index.

The basic principle of sensor placement is to avoid posi‐
tioning sensors at the nodes of vibration modes and, as much 
as possible, to arrange them at the amplitude points of the 
vibration mode. Aiming to improve the accuracy of mode 
shape identification, all amplitude points are taken as mea‐
surement points in this study. The test object in this paper 
is an equivalent beam. Aiming to effectively capture modal 
information during testing, predictive research on the modal 
information of the test model is required. Therefore, in this 
paper, the finite element method is used to conduct a pre‐
liminary modal analysis, identifying the modes of the test 
model and obtaining node information of different orders. 
The vibration modes are shown in Figure 7, and the corre‐
sponding location information of amplitude points and nodes 
is shown in Table 4.

According to Table 4, nodes 3, 6, 8, 14, 16, and 19, iden‐
tified as modal nodes rather than amplitude points, are 
excluded to improve the accuracy of vibration mode identi‐
fication. Based on the amplitude points of each order mode 
and the measuring points in the beam, the initial measuring 
point scheme includes the following nodes: 1, 4, 5, 7, 9, 
10, 11, 12, 13, 15, 17, 18, and 21. Aiming to account for 
potential sensor misalignment, adjacent nodes to these initial 
measuring points are regarded as alternative measuring 
points. The complete set of available measurement point 
options is as follows: 1 (2), (3) 4, 5 (6), 7 (8), 9, 10, 11, 12, 
13 (14), 15 (16), 17, 18 (19), (20) 21, where the nodes in 
parentheses represent the alternative measurement points. By 
arranging and combining these options, 256 kinds of test 
point schemes can be obtained. An algorithm was developed 
to evaluate these configurations, and the optimal measure‐
ment point scheme was obtained, as shown in Table 5. Addi‐
tionally, four sets of verification point schemes were included 
to assess the effectiveness of the selected configuration. Aim‐
ing to minimize errors in the frequency response function 
during a single test, each dynamic response signal was 
recorded over five excitations and then averaged linearly.

Notably, the table shows that the evaluation index value 
of the optimal test scheme is the lowest. This finding indi‐
cates that the vibration modes obtained using this scheme exhibit good orthogonality and meet theoretical require‐

Table 4　Amplitude point and node location information

1st order

Amplitude point

1

11

21

Node

6

16

2nd order

Amplitude point

1

7

15

21

Node

4

11

18

3rd order

Amplitude point

1

5

11

17

21

Node

3

8

14

19

4th order

Amplitude point

1

4

9

13

18

21

Node

3

7

11

15

19

Figure 7　Finite element mode shapes
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ments. Therefore, the effectiveness of the test scheme eval‐

uation method proposed in this paper is verified.

4  Discussion of results

Modal analysis is performed on the finite element model 

and the test model to obtain their respective vibration modes. 
Based on two conditions, intact damage and single damage, 
a self-programmed algorithm using the curvature mode dif‐
ference is applied for damage identification. The study 
investigates the effectiveness of the curvature mode-based 
method in cases where two damages occur simultaneously 
or when additional damage is sustained after initial dam‐
age has already occurred.

Table 5　Model testing scheme index values

Scheme

Optimal

Verification 1

Verification 2

Verification 3

Verification 4

MAC diagram Measure point

1, 4, 6, 8, 9, 10, 11, 12, 
14, 15, 17, 18, 21

1, 3, 5, 7, 9, 10, 11, 12, 
13, 16, 17, 19, 21

2, 3, 5, 8, 9, 10, 11, 12, 
13, 15, 17, 19, 20

2, 4, 6, 7, 9, 10, 11, 12, 
14, 16, 17, 18, 20

1, 4, 5, 8, 9, 10, 11, 12, 
14, 15, 17, 18, 21

Evaluation index

4.08

4.36

5.04

4.42

4.22
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4.1  Damage identification based on intact 
condition

The maximum value of the curvature mode difference 
should correspond to the location of the damage. When the 
ship suffers two simultaneous damage events, the identifi‐
cation results obtained from the FM models using the cur‐
vature mode difference are shown below.

Figure 8 shows that the overall curvature modes differ‐
ence for each order is the largest at units 5 and 9. Among 
the results, the 3rd- and 4th-order curvature mode differences 
accurately identify the two damage locations. Moreover, 
the magnitudes of these value at the two damage units are 
remarkably similar, which is consistent with that the two 
damage units have the same degree of damage. The 2nd- 
order curvature mode difference identifies only one dam‐
age at unit 5, while the 1st- order curvature mode differ‐
ence identifies only unit 9 as the damaged unit. As the order 
of the curvature mode difference increases, the peak value 
of this index also gradually increases. For working condi‐

tion ④, the overall trend of the curvature mode difference 
for each order shows the largest peak near unit 12. Accord‐
ing to the 3rd- order curvature mode difference, the dam‐
age is also observed in unit 15; however, the damage degree 
at unit 12 is more severe. This finding is consistent with 
2nd- and 4th-order curvature mode differences, which are not 
pronounced at unit 15. The 1st order curvature mode differ‐
ence identifies only unit 12 as damaged. For working con‐
dition ⑤, the results are similar to those of working con‐
dition ④, corresponding to the actual situation where unit 
12 is more damaged than unit 15. In working condition 
⑥ , the curvature mode difference peaks of all orders are 
largest near unit 15, reflecting that unit 15 is more severely 
damaged than unit 12, revealing notable differences in dam‐
age degree. In this case, the curvature mode differences at 
all orders only identify unit 15 as damaged.

The curvature mode differences of the first four orders 
are averaged, and the working conditions with the same 
damage unit but different damage degrees are compared. 
The results are shown in Figure 9.

Figure 8　Simulation curvature mode difference for two simultaneous damage
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The simulation results shown in Figure 9 indicate that 
the peaks in the average curvature mode differences for 
the first four modes correspond accurately to the two dam‐
age locations in the hull structure. For working conditions 
① , ② , and ③ , where the damage degree is the same at 
both locations, the peak values of the index are similar at 
these damage locations. With the increase in the damage 
degree of the unit, the index at the corresponding damage 
location gradually increases, demonstrating a clear differ‐
entiation. For working conditions ④, ⑤, and ⑥, the dam‐
age degree differs between the two locations. Specifically, 
in conditions ④ and ⑤ , the damage at unit 12 is greater 
than that at unit 15, whereas in working condition ⑥ , the 
damage at unit 15 exceeds that at unit 12, exhibiting the 
largest difference in damage.

The experimental results of double damage identifica‐
tion using the curvature mode difference in the intact con‐
dition are shown below.

Figure 10 shows that for conditions ①, ②, and ③, the 
curvature mode difference generally exhibits the highest 
values near units 5 and 9. In conditions ① and ② , some 
interference peaks exist in the 2nd- and 4th-order curva‐
ture mode differences, while the 3rd-order curvature mode 
difference accurately identifies the two damaged units. As 
the damage degree increases, as in condition ③, the inter‐
ference peaks in all orders of curvature mode difference 
gradually diminish, allowing for highly accurate localiza‐
tion at units 5 and 9. For condition ④ , the peak value of 
the 1st-order curvature mode difference is highest at units 
12 and 15. The 2nd-order peak is located at unit 15, while 
the 3rd- and 4th-order peaks are largest at unit 12, although 
interference peaks are present. In condition ⑤ , the 1st and 
2nd-order curvature mode differences peak at unit 12, 
whereas the 3rd- and 4th-order curvature mode differenc‐
es more accurately identify units 12 and unit 15. For con‐
dition ⑥ , the curvature mode differences of all orders are 
largest at unit 15, which corresponds to the substantial dif‐
ference in damage degree between units 15 and 12.

The mean values of the curvature mode differences for 
different damage degrees in the experiment are compared, 
with the results presented in Figure 11.

The peak values of the curvature mode differences across 
the first four modes correspond to the two damaged units 
in all six working conditions. Conditions ①, ② and ③ are 
identified in unit 5 and 9. Conditions ④ , ⑤ and ⑥ are 
identified in unit 12 and 15. The identification results are 
accurate. The degree of damage is positively correlated 
with the peak value and the differentiation is obvious.

When the ship sustains two simultaneous damages, the 
mean curvature mode difference index can accurately iden‐
tify both damaged units. This index is positively correlated 
with the damage degree, and the mean values correspond‐
ing to two elements with the same damage degree are nota‐
bly similar. Therefore, the damage degree can be assessed 
based on the magnitude of changes in the curvature mode 
difference. In comparison, the experimental results show 
varying levels of interference peaks, which are attributed to 
noise interference and changes in vibration modes caused 
by the suspension position. However, compared to previ‐
ous studies (Cheng et al., 2023), these interference peaks 
have been substantially reduced, demonstrating the effec‐
tiveness of the sensor optimization method.

4.2  Damage identification based on single damage 
condition

When the hull sustains additional damage on top of an 
existing one, the results from the finite element model using 
the curvature mode difference are presented below.

When the existing damaged unit is unit 9, the overall 
trend of the curvature mode difference for conditions ① , 
② and ③ is the largest in unit 5. It is consistent with the 
actual damage unit. When the damage degree is relatively 
small, as in condition ①, the 1st order curvature mode dif‐
ference is identified in unit 5 and 10. With the increase of 
the order, the peak value of curvature mode difference 
gradually increases. When the existing damaged unit is 15, 
the overall trend of curvature mode difference for condi‐
tions ④, ⑤ and ⑥ is the largest in unit 12, which accords 
with the actual damaged area. The damage degree of unit 
12 under condition ⑥ is less than that under condition ④ 
and less than that under condition ⑤ . When the damage 

Figure 9　Average of the curvature mode difference of simulation results for two simultaneous damage
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degree is small, the 1st order curvature mode difference is 
not much differentiated in unit 12 compared to the other 
units. It can be concluded that the 1st order curvature 
mode difference identification is less effective when the 
damage degree of the damaged unit is small.

The curvature mode differences for the first four modes are 

averaged and compared, with the results shown in Figure 13.
Figure 13 shows that when the ship sustains additional 

damage, the peak in the mean value of the curvature mode 
difference corresponds to the location of the second damage, 
accurately identifying the damaged unit. As the damage 
degree increases, the index at the damage location gradually 

Figure 11　Average of the curvature mode difference of experimental results for two simultaneous damage

Figure 10　Curvature mode difference of the experiment for two simultaneous damage
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rises, demonstrating clear differentiation. The experimental 
results are shown below.

Figure 14 shows that for conditions ①, ②, and ③, the 
overall trend of curvature mode difference is the largest 
near unit 5. But there exist different interference peaks. In 
condition ①, only the 4th order curvature mode difference 

is clearly located in unit 5. In condition ②, only the 1st and 
2nd order curvature mode differences can be ignored for 
the other interference peaks. In condition ③, only the 2nd 
and 4th order curvature mode differences interfere with the 
peaks to a lesser extent. The overall trend of the curvature 
mode difference of each order in conditions ④, ⑤ and ⑥ 

Figure 13　Average value of the curvature mode difference of simulation results for two damages that occur one after another

Figure 12　Simulation curvature mode difference for two damages that occur one after another
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is maximum near unit 12. In condition ④, there exist interfer‐
ence peaks of all orders, but not to a large extent. In con‐
dition ⑤ , the curvature mode differences are accurately 
located in unit 12. In condition ⑥ , the 1st and 2nd order 
curvature mode differences are only the most obvious peak 
at unit 12. The 3rd and 4th order curvature mode differences 
are the largest at unit 12. But there are other interference 
peaks of different degrees. The degree of damage is nega‐
tively correlated with the peak of interference.

The mean values of the curvature mode differences for 
the same damaged unit at varying damage degrees in the 
experiment are compared, and the results are presented in 
Figure 15.

Figure 15 shows that when one damage already exists, 
the peaks of the average curvature mode differences across 
the first four modes correspond to the unit at the second 
damage location for all conditions, demonstrating accurate 
identification results. Although interference peaks of dif‐
ferent degrees are observed in all conditions, their impact 
is minimal. As the damage degree increases, the mean cur‐

vature mode difference at the damage position gradually 
increases, showing a clear distinction.

When the ship sustains a second damage, the mean cur‐
vature mode difference index can accurately identify the 
location of this new damage without being affected by the 
existing damage. While each order of the curvature mode 
difference exhibits different degrees of interference peaks 
depending on the damage degrees, averaging the curvature 
mode difference notably reduces these interferences. The 
curvature mode difference index also shows a positive cor‐
relation with the damage degree, making it effective for 
assessing the damage degree.

4.3  Damage degree identification based on 
curvature mode difference

For ships, attacks often occur consecutively with time 
differences. Therefore, curvature mode differences obtained 
based on single damage conditions are used to identify the 
damage degree. The results are presented in Table 6.

Figure 14　Curvature mode difference of the experiment for two damages that occur one after another
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Table 6 shows that the identification error for the dam‐
age degree in unit 12 is generally smaller than that in unit 5. 
The largest identification error for unit 5 reaches 25%. The 
error in damage identification results does not show a sig‐
nificant correlation with the actual damage degree. However, 
in the simulation, the error for unit 12 tends to increase as 
the actual damage intensifies. The simulation and experi‐
mental identification results show notable differences from 
the actual damage degree, with the experimental errors being 
generally larger. This phenomenon may be attributed to 
the high measurement accuracy and dense measurement 
point placement by curvature mode analysis. The experi‐
mental results are further affected by interference noise 
and discrepancies between the fitted vibration patterns and 
the actual vibration patterns of the model.

5  Conclusions

For ships, multiple successive attacks can seriously impact 
the structural safety of the hull. In this paper, different dou‐
ble damage conditions in hull girders are identified using 
the curvature mode index based on two cases of ship attacks. 
The main conclusions of the findings are as follows:

1) The test scheme optimization method proposed in 
this paper can rapidly determine the optimal modal infor‐
mation testing scheme for the beam model. The best evalu‐
ation index reaches 4.08, indicating that the obtained modal 

information is highly reliable and suitable for subsequent 
damage identification.

2) When two damages occur simultaneously, the mean 
curvature mode difference index can effectively identify 
the locations corresponding to the two damages. Further‐
more, the index values are similar when the two damages 
have the same damage degree. When the ship sustains a 
subsequent attack, the mean curvature mode difference index 
can accurately locate the second damage without interfer‐
ence from the first damage, achieving a positioning accuracy 
of 100%.

3) The damage identification method based on the cur‐
vature mode proposed in this paper achieves 100% accuracy 
in locating damage positions. However, when quantitatively 
identifying double damages, the average error of damage 
degree estimation reaches 41.14%. This error is mainly attrib‐
uted to noise interference. Therefore, one recommendation 
is to apply noise reduction techniques to the signals in practi‐
cal applications to improve accuracy.
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