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Abstract. This paper attempts to utilize lower order harmonics and modes of vibration consisting 
of “square ratios of frequency variations” as structural damage susceptibility characteristics. This 
is followed by the development of the frequency-based method. Firstly, this paper derives the 
theoretical formulation of the square ratio of frequency variation method. Secondly, a finite 
element model of a single column platform is established. Then the damage is simulated using the 
reduced modulus of elasticity to localize the damage. The result is shown to be feasible. Thirdly, 
a model of the offshore single column platform is constructed, and the damage is simulated using 
cracks on the column. The “frequency variation square ratio” is valid, so the method can be used 
in reality. This method is applied to the single column platform model, suitable for a beam 
structure. It is very effective for the single column damage identification at different damage 
levels, and can also initially locate the damage. This method has high practical application value 
and reference value for future studies. 
Keywords: frequency variation square ratio, vibration modes, offshore single-column platforms, 
model tests, damage identification. 

1. Introduction 

Since the discovery of offshore oil in 1979, China’s offshore oil development has entered a 
period of rapid development. By 2010, China's offshore crude oil production capacity had reached 
51 million tons. At present, offshore oil has become an important crude oil production base in 
China. The offshore platform for oil production which is a large and complex structure, its 
technological development impacts on the offshore oil exploration. Due to a long-term operation 
in the harsh marine environment, the structure of offshore platforms is prone to various kinds of 
damage, even leading to a structural destruction [1]. Many catastrophic accidents that caused huge 
casualties, economic losses and bad social impacts happened during the offshore oil production at 
different fields [2]. Therefore, it is important to detect accurately any damage to offshore 
platforms. Health monitoring systems monitor the condition of oil platform structures and take 
timely action against damage to ensure the safe operation of the platform. The traditional health 
detection system relies on the frequency of the structure can only determine the existence of 
damage, but it is difficult to predict the severity and specific location of the damage. To solve the 
problem of varying degrees of damage at different locations on offshore platforms, this study 
conducted a modal numerical analysis for offshore platform structures, improving the traditional 
frequency detection methods. The study attempted to use the square ratio of frequency variation 
as the sensitivity feature of structural damage, and established a finite element model of a single 
column platform. Then the damage is simulated by reducing the Young’s modulus to propose a 
feasible and novel frequency-based monitoring method for detecting damages to offshore 
platforms. This method which applied to an ocean platform model, is very effective for the single 
column damage location research and for their classification by different damage levels, and is 
suitable for a beam structure and has strong potential practical application value and reference 
value for future studies. 

https://crossmark.crossref.org/dialog/?doi=10.21595/jve.2024.23331&domain=pdf&date_stamp=2024-02-29
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2. Literature overview 

Currently, vibration-based structural health monitoring, which is widely used for damage 
detection, can construct damage indicators based on the measured vibration response [3]. Scholars 
have proposed many damage identification methods, such as the dynamic response data method 
[4] and the finite element model correction method [5]. Razavi et al. [6] proposed a damage 
identification method based on the wavelet packet transform component energy. This method 
adopts the SHM system and damage identification program, and develops a finite element model 
correction technology to apply the finite element model correction to a structural damage  
detection. The experimental results show that the damage identification method based on the 
wavelet packet transform component energy is highly responsive to the damage sensitivity of the 
structure and also avoids the measurement signal blurring. Li [7] corrected the modal information 
of steel truss bridge based on the sensitivity analysis using the Young's modulus as a parameter, 
and proved the effectiveness of the method by physical tests. However, the basic requirements are 
relatively high, and under the complex structure, the ocean platform detection has great  
limitations. Kahya [8] performed a sensitivity analysis based on the Bayesian parameter estimation 
and used the model correction method to identify the damage of multi-cracked composite beams. 
They accurately localized multiple cracks of different severity in cantilever beams, but were less 
effective in identifying other types of damages of the same severity. However, it is less effective 
in identifying multiple damages with the same severity. Han [9] used a wavelet transform for noise 
reduction under pressure in weakly compressible structures (smoothed-particle hydrodynamics) 
and investigated the interaction between irregular waves and vertical dikes. The wavelet packet 
transform allows analysing the signal with more details than the wavelet transform, so the damage 
identification method based on the wavelet packet energy shall also be widely used for solving 
such tasks. However, for small damages, the wavelet packet energy cannot be effectively used 
directly for damage identification. Asgarian [10] used the rate of change of the wavelet packet 
energy as an index to obtain the structural acceleration response through dynamic loading to locate 
accurately any damage of a large ocean platform model under different damage conditions. The 
Gikhonov regularization method was also widely applied in the field [11]. The principle is to 
introduce the regularization matrix. It serves to compress the weight of the total parameter values 
for prevent the negative impact of a parameter having too high weight on the results, and to 
improve the anti-interference ability of the model. However, for a further determination of the 
damage location, other methods are needed to conduct a local damage detection. 

In order to better detect the variation of vibration signals in structures, damage detection 
methods based on frequency indices are a tool used commonly. Vandiver et al.. [12] proposed a 
technique that can detect structural failures by detecting the variation of the eigenfrequency of the 
structure. The technique introduces a statistical energy analysis to predict the dynamic variation 
of fixed and floating structures in response to wave forces. Begg et al. [13] tested a series of 
component failures caused by changes in the structure's third-order eigenfrequency on a 4.8-meter-
high, four-legged, K-rigged North Sea platform model by applying sinusoidal and stochastic 
excitations through an electrodynamic shaker. By monitoring three oil platforms in the North Sea, 
Loland and Dodds [14] found that small changes in the structure caused the test intrinsic frequency 
to fluctuate in the range of 10 % to 15 %. Kim and Stubbs [15] proposed a damage detection 
method and specific algorithms based on modal information. Hearn gave useful results for 
structural damage location by “frequency variation square ratio” [16]. However, although the 
damage sensitivity dependence and the previous frequency function measurement are accurate 
enough, a small damage does not allow to be determined directly through the frequency sound 
function. 

In conclusion, the study shall cover the sensitivity of the offshore platform structure. Existing 
studies analyzed the structural damage based on the wavelet packet energy, fixed frequency, 
elastic modulus, etc., but there is still a room for improvement in the damage sensitive response 
rate, and the early detection of small damage components remains a problem to be solved. 
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Frequency is the most easily measured structural dynamic feature, and frequency is the most 
accurate structural dynamic feature measured by the current technology. The resolution of 
frequency identification for low damping structures can be as high as 0.1 %. The method is 
relatively simple in calculation and has strong comprehensive recognition ability, making it 
convenient for engineering applications [17]. 

The identification of structural damage can be carried out using natural frequency, mode shape, 
modal curvature, and modal strain energy damage identification indicators. Based on the current 
research status, the characteristics and limitations of the above damage identification indicators 
were analyzed. Due to the limited setting of vibration mode displacement measurement points, 
more parts of the vibration mode can only be filled through modal expansion, especially when the 
local damage of the structure is mild, the final obtained vibration mode difference before and after 
the structural damage is not significant, leading to identification errors. Due to the use of 
differential method to calculate modal curvature, there are high requirements for the number and 
arrangement of measurement points, and node curvature cannot be obtained. It is difficult to 
identify damage to large and complex structures. The modal strain energy of the damaged area is 
relatively large compared to the actual value, and there are also varying degrees of modal strain 
energy changes in adjacent areas of the damage, which may cause misjudgment. 

The theory of structural damage identification based on frequency variation has higher 
practicality and stronger operability compared to other theories. Frequency is an easily obtainable 
dynamic characteristic of the structure, and the analysis method is mature. However, the 
disadvantage is that it is easily affected by noise and the localization of multiple damages cannot 
be achieved, especially for large and complex structures with inaccurate identification accuracy. 
The square ratio of frequency variation adopted by the article is a damage identification method 
based on frequency. This method has been validated on simply supported beams, pressure 
pipelines, bridges, and truss structures, with accurate damage localization results. The working 
environment of single column platforms is harsh and the structural form is complex. Whether the 
frequency variation square ratio method can be applied to damage identification of single column 
platforms is a worthwhile research topic. The square ratio of frequency variation adopted by the 
article is a damage identification method based on frequency. It uses frequency indicators that are 
easy to pick up to identify any damage in single column platforms in harsh environments, 
providing a convenient solution for health detection of offshore platforms. In order to design a 
better structural damage recognition system for the offshore platform, this study constructed a 
finite element model of a single-column platform based on frequency variation and simulated 
damage by reducing the Young’s modulus to find and locate any damage at the initial stages. 

3. Finite element modeling 

Firstly, it is required to make a theoretical analysis of the square ratio of frequency variation, 
because the damping has a very small and negligible effect on the vibration pattern and intrinsic 
frequency of the model structure of the ocean platform, so its analysis lacks sense. The structural 
self-oscillation equation of the ocean platform is shown in Eq. (1): (𝐾 −𝜔ଶ ⋅ 𝑀) ⋅ 𝜙 = 0, (1)

where, 𝐾 and 𝑀 are the total stiffness matrix and total mass matrix, respectively. 𝜙 denotes the 
regularized vibration modes, and 𝜔 denotes the intrinsic frequency. In practice, the equations 
obtained after parameter changes are shown in Eq. (2): [(𝐾 + Δ𝐾) − (𝜔ଶ + Δ𝜔ଶ)(𝑀 + Δ𝑀)](𝜙 + Δ𝜙) = 0, (2)

where, Δ𝐾, Δ𝑀 and Δ𝜙, Δ𝜔 are the changes in the total stiffness matrix, mass matrix, and 
vibration mode, intrinsic frequency, respectively: 
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[(𝐾 + Δ𝐾) − (𝜔ଶ + Δ𝜔ଶ)𝑀](𝜙 + Δ𝜙) = 0. (3)

Expanding Eq. (3), while ignoring the mass change and the second order term, the authors 
obtain the final equations shown in Eq. (4): 

Δ𝜔ଶ = 𝜙்Δ𝐾𝜙𝜙்𝑀𝜙 . (4)

Eq. (4) can be transformed into Eq. (5): 

Δ𝜔௜ଶ = 𝜀ே்(𝜙௜)Δ𝑘ே𝜀ே(𝜙௜)𝜙௜் 𝑀𝜙௜ , (5)

where, 𝑁 denotes the damage unit number of a single structure, and 𝜀ே is the damage unit 
deformation. 𝑖 is the order of vibration modes. Compared with Eq. (4), Eq. (5) can directly utilize 
the change of units to show the frequency variation for the structure. From the two vibration modes 𝑖 and 𝑗, the square ratio of the frequency variation of two orders due to a damage can be derived. 
Obviously, it is only related to the location of the damaged unit (𝑁) and can be expressed  
as Eq. (6): 

Δ𝜔௜ଶΔ𝜔௝ଶ = 𝜀ே்(𝜙௜)𝑘ே𝜀ே(𝜙௜)𝜙௜் 𝑀𝜙௜𝜀ே்(𝜙௝)𝑘ே𝜀ே(𝜙௝)𝜙௝் 𝑀𝜙௝ . (6)

Eq. (6) can be used to determine the location of a structural damage. Eq. (6) is an important 
criterion for locating a structural damage using the “frequency variation square ratio”. Based on 
the characteristics of the formula, the effective steps for identifying and locating the structural 
damage can be summarized as follows: 

(1) A vibration monitoring (computer simulation experiments or actual measurements) or 
finite element calculations are conducted for the structures. Then its frequency and mode of 
vibration are measured. When the natural frequency of a structure changes as a result of damage, 
a series of “Frequency Variation Square Ratios” are generated based on the measured frequencies. 

(2) Using the obtained structural modes, the deformation of each element of the structure under 
each order of vibration can be obtained and a series of “Frequency Variation Square Ratios” of 
each element of the structure can be generated by Eq. (6).  

(3) The “square ratio of frequency variation” for each element from step (2) is compared with 
the “square ratio of frequency variation” from step (1), and if any element is similar to the latter, 
then it is the damaged element. 

(4) If the “Frequency Variation Square Ratio” values of several components are approximate 
and their respective 𝐸ே values are calculated according to Eq. (7), then the damaged component 
can be determined from each 𝐸ே value, and the component with the smallest 𝐸ே is the damaged 
component: 

𝐸ே = 1𝑄෍൥ቆΔ𝜔  ௜ଶΔ𝜔௝ଶ ቇே − ቆΔ𝜔  ௜ଶΔ𝜔௝ଶ ቇே∗ ൩௜௝
ଶ, (7)

where, 𝑄 denotes the number of units, and ൫Δ𝜔௜ଶ Δ𝜔௝ଶൗ ൯ே is the “frequency variation squared 
ratio” obtained by observation or test. ൫Δ𝜔௜ଶ Δ𝜔௝ଶൗ ൯ே∗  is obtained according to Eq. (6). 
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The result of error identification is shown in Eq. (8): 

𝜇 = ቤ𝐸௙ − 𝐸ே𝐸௙ ቤ × 100 %, (8)

where, 𝐸௙ represents the actual modulus of elasticity and 𝐸ே represents the modulus of elasticity 
of the identification result. 

This paper is a research on structural damage identification of single-column platforms based 
on the above works and theoretical background. The project originates from the damage 
identification of single-column offshore oil platform located at the Shengli Oilfield with a height 
of 26.592 m. The model is simulated as a steel single-column oil offshore platform with the same 
height. The model is shown in Fig. 1. 

 
Fig. 1. Finite element calculation model of single column platform 

Considering the damage of the single-column platform, the single-column section has a great 
influence on the safety of the structure, so this paper discusses the damage identification of the 
vertical monopole section. A three-dimensional finite element model was designed based on this 
scheme. By modeling and determining the cross-section and boundary conditions, the stress 
distribution characteristics, deformation, natural vibration frequency, vibration mode, and 
instability characteristics of the single-column platform can be understood. In this paper, the 
ANSYS finite element software is used for simulation. The components that make up the various 
structures are made of steel with material properties of Q235A. Material parameters and element 
types of the structure are shown in Table 1. 

Table 1. Material parameters and element types of the structure 
Component  Cross section Material Material models Element type 

Platform I-beam frame Q235A Isotropic elastic 
model Shell163 

Slant brace of platform Φ400×25 mm Q235A Isotropic elastic 
model Pipe16 

Single column Φ2000×25 mm Q235A Isotropic elastic 
model Beam188 

Lower diagonal brace of 
platform 

Bottom plane support 
Φ800×25 mm Q235A Isotropic elastic 

model Pipe59 

Steel pipe pile Φ800×25 mm Q235A Isotropic elastic 
model Pipe59 

In Table 1, the material properties of steel are defined by the ideal elastoplastic model, and the 
element types are selected according to a different stressed member. The elastic modulus is 
2.06×105 MPa, the density is 7850 kg/m3 and the Poisson’s ratio is 0.2. The single column 
structure is not directly constrained to the seabed, but is fixed to the foundation by three steel pipe 
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piles connecting the lower diagonal brace and the bottom plane support. The fixed constraints are 
adopted to the bottom of the model, and the boundary of upper part is free. The model is meshed 
by quadrilaterals. According to the structural characteristics and bearing capacity method, the 
calculation element type of the platform is shell63. And the calculation unit type of platform slant 
brace is pipe16. Since the structure is below the sea level, the element type of lower diagonal brace 
and steel pipe pile under the platform is pipe59. The main load-bearing component of a single 
column platform is the single column itself, and its simulated element is beam188. The simulated 
damage regions are combined for computational convenience, resulting in a combined 
single-column structure of 19 elements. Elements 1 to 9 are above the intersection of the lower 
diagonal brace and the single column. Elements 10-19 are below the intersection point of the lower 
diagonal brace and the single column. 

In this paper, based on previous research experience, the damage simulation method is 
implemented to reduce the unit stiffness of the simulated area by reducing cross-section area of 
the element. In order to truly reflect the damage situation of the model test, this article studied two 
damage scenarios, the fifth element of simulated damage area 1 and fifteenth element of simulated 
damage area 2, with damage rates of 12.5 % and 25 %, respectively as shown in Fig. 2. 

 
Fig. 2. Schematic diagram of simulated damage location for single column platform 

4. Damage identification for simulated damage area 1 

A damage is simulated by reducing the elastic modulus of element 5 to study damage 
identification in the selected damage area 1. 

4.1. 12.5 % elemental damage 

In the case of 12.5 % element damage, the frequencies of each order are measured when the 
structural frequency variates. That a series of frequency variation square ratios is generated as 
shown in Fig. 3. The deformation of each element of the structure under various orders of vibration 
is obtained by utilizing the obtained structural vibration modes. The series of “frequency variation 
square ratios” for each element of the structure are generated by Eq. (6). 

By comparing the observed values with the calculated values of 19 elements, it was found that 
the calculated values of elements 4 to 7 were similar to the test values, as shown in Fig. 4. 

In Fig. 4, only the calculated values for elements 4-7 are listed; the calculated values for the 
other elements are not listed due to their large differences. To determine the truly damaged 
elements, several elements with similar values need to be calculated according to Eq. (7). The 
specific values are shown in Table 2. 

Table 2. Detection of damaged elements according to Eq. (7) 
Damaged unit number 4 5 6 7 𝐸ே 146.2 23.6 33.6 65.6 

As it can be seen from Table 2, the value of 𝐸ே for the element 5 is less than that for the other 
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elements. So it can be determined that element 5 is the damaged unit. 

 
Fig. 3. Observed value of frequency variation before and after 12.5 % damage to the structure 

 
a) Calculated value of element 4 

 
b) Calculated value of element 5 

 
c) Calculated value of element 6 

 
d) Calculated value of element 7 

Fig. 4. Calculated values from element 4 to element 7 with 12.5 % damage to the structure 

4.2. 25 % elemental damage 

The case of 12.5 % destruction was studied in simulated destruction area 1 in the previous 
section, and the next step is to study the loss identification in the case of 25 % failure. 

In this case (25 % element damage), the “frequency variation square ratios” different from the 
observed values for different normal elements are shown in Fig. 5. The calculated values for 
element 5 and element 6 at 25 % element damage are shown in Fig. 6. 

The current situation is the same as the 12.5 % damage situation in element 5. Except the 
calculated values of element 5 are similar to the observed value, the calculated values of element 
6 are also somewhat similar. Therefore, it is necessary to use Eq. (7) to calculate the adjacent 
elements to determine the truly damaged unit. The values are given in Table 3. 
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Fig. 5. Observed value of frequency variation before and after 25 % damage to the structure 

 
a) Calculated value of element 5 

 
b) Calculated value of element 6 

Fig. 6. Calculated values of element 5 and element 6 with 25 % damage to the structure 

Table 3. Detection of damaged elements according to Eq. (7) 
Damaged unit number 4 5 6 7 𝐸ே 121.05 7.61 19.83 47.24 

As it can be seen from Table 3, element 5 is the damaged element because the value of element 
5 is the smallest. That the value of 𝐸ே of 25 % element damage was smaller, compared to the 
12.5 % damage situation in element 5 indicated that the greater the degree of damage to the unit, 
the more accurate the damage identification results. 

In the same operation as simulated damaged area 1, the damage of element 15 is simulated in 
simulated damaged area 2. The degrees of damage are12.5 % and 25 %, respectively, and finally 
it is proved that the damage location cannot be determined accurately. The reason is that because 
the substructure has slant support in addition to the column, the damage generated in the column 
has little impact on the structural frequency. Natural frequency, as an indicator of the overall 
stiffness parameter of the structure, reflects the current stiffness status of the structure. It is not 
sensitive to local damage with lower degree of damage, and the weak sensitivity of natural 
frequency to damage is more prominent in large structures. 

After simulating damage on the platform, slant brace of platform, lower diagonal brace of 
platform, bottom plane support and Steel pipe pile, damages were still undetected through 
simulation calculation using the frequency change squared ratio method. The damage 
identification at the above locations can be attempted using the BP neural network method for 
detection. 
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5. Experimental validation of damage location on offshore oil platforms 

The experiment was accomplished on a vibration table in the seismic laboratory of the Dalian 
University of Technology. The vibration table is an underwater earthquake simulation vibration 
table that the tests of combined effects of earthquakes, waves, and ocean currents can be simulated. 
The maximum horizontal acceleration of the vibration table is 1.0 g, and the maximum vertical 
velocity is 0.7 g. A fully digital control method in system control and 469D vibration simulation 
control system of the American MTS Systems were adopted. The system was driven by hydraulic 
servo, except for the three parameter feedback control. The main purpose is to extract the 
frequencies before and after the damage of the model structure through the dynamic structure test, 
so as to verify the adaptability of the “frequency variation square ratio” in the model structure. 
According to the similarity theory, the single column oil platform was modeled by increasing the 
weight of organic glass with a similarity ratio of 1:15. The physical parameter scale of test model 
is shown in Table 4. 

Table 4. The physical parameter scale of Single Pole Platform 
Parameter name 𝜆 𝜆ா 𝜆ఘ 𝜆௧ 𝜆௨ 𝜆௔ 𝜆ఙ 𝜆ఌ 

Scale 15 50 3.33 √15 15 1 50𝛽 𝛽 
Annotation: 𝜆: geometric scale; 𝜆ா: elastic modulus scale; 𝜆ఘ: density scale; 𝜆௧: time scale; 𝜆௨: 
displacement scale; 𝜆௔: excitation acceleration that causes initial structural failure; 𝜆ఙ: stress scale; 𝜆ఌ: 
strain scale; 𝛽: the ratio of displacement scale to geometric scale 

The test model is fixed on the vibration table by connecting flanges with three steel pipe piles, 
and each flange is connected with four bolts. The single-column platform model is shown in Fig. 7. 

 

Fig. 7. Single column platform model on vibration table 

The vibration frequencies in the horizontal plane of the structure were extracted in two vertical 
directions (𝑋 and 𝑌). Six piezoresistive accelerometers capable of measuring acceleration signals 
on the 𝑋, 𝑌, and 𝑍 axes are installed on a single column in the 𝑋 and 𝑌 directions respectively. 
Simulating damage is achieved by cutting the model to reduce the cross-sectional area that was 
achieved by uniformly drilling holes on the damaged cross-section of a single column. 

5.1. Dynamic characterization of healthy structures 

After installing the vibration table on the model and before loading the seismic wave, small 
amplitude white noise is inputted to the vibration table for excitation testing. The acceleration 
response of the table and structure is measured, and the natural frequency, vibration mode, and 
other parameters of the structural model are obtained through the spectrum analysis method. 

The structure is excited in the 𝑋 and 𝑌 directions using white noise acoustic waves of 
appropriate bandwidth to obtain that the fundamental frequency in the 𝑋 direction as 8.13 Hz and 
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that in the 𝑌 direction as 9.88 Hz, as shown in Fig. 8. 

 
a) Fundamental frequency  

in the 𝑋-direction of intact structure 

 
b) Fundamental frequency  

in the 𝑌-direction of intact structure 
Fig. 8. Fundamental frequency in the x-direction and Y-direction of intact structure 

This experiment aims to reduce the elastic modulus by cutting a cross-section 1.3 m away from 
the vibration table on a single column model. The cross-sectional area of the cut accounts for 
12.5 % and 25 % of the total area, respectively, and the location of the cuts is shown in Fig. 9. 

 
Fig. 9. Diagram of installation location of acceleration sensors and damage location 

White noise was still used to excite the structure and vibration time course data was extracted 
for analysis. 

5.2. Dynamic properties of damaged structures 

5.2.1. Dynamic characterization of structures with 12.5 % damage rate 

When the damage rate is 12.5 %, the fundamental frequency is reached in both the 𝑋 and 𝑌 
directions. The specific fundamental frequency in the 𝑋 direction is 8.01 Hz, and the fundamental 
frequency in the 𝑌 direction is 9.63 Hz. 

5.2.2. Dynamic characterization of structures with 25 % damage rate 

The results show that the fundamental frequency is 7.76 Hz in the 𝑋 direction and 8.63 Hz in 
the 𝑌 direction. 
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5.3. Damage location study based on experimental models 

After 12.5 % damage, the first 8 orders of harmonics of the structure were obtained by dynamic 
testing. By comparing the first 8 orders of harmonics before and after damage, a series of 
“frequency variation square ratios” were derived. The data are shown in Table 5. 

Table 5. Variation of eigenvalues with degree of damage 
Harmonics order 1 2 3 4 5 6 7 8 

Original form 66.1 97.6 162.8 558.9 564.9 978.0 996.3 1735.2 
Unit damage 64.1 92.7 160.3 558.9 560.8 969.0 985.8 1722.9 
Variations 2.0 4.9 2.5 0 4.1 9.0 10.5 12.3 

The histogram based on the data in Table 5is shown in Fig. 10, where the horizontal axis 
represents the vibration order and the vertical axis represents the “square ratio of frequency 
variation” value. 

 

Fig. 10. Observed value of frequency variation before and after 12.5 % damage to the testing model 

 
a) Calculated value of element 5 

 
b) Calculated value of element 6 

Fig. 11. Calculated values of element 5andelement 6 with 12.5 % damage to the testing model 

As it can be seen in Fig. 11, the element 5 and the element 6 are relatively similar, and other 
calculated values are not listed. To determine accurately the damage location, it is also necessary 
to use Eq. (7) to calculate 𝐸ே for the neighboring element to determine the true damaged unit. The 
values are shown in Table 6. 

Table 6. Detection of damaged units according to Eq. (7) 
Damaged element number 4 5 6 7 𝐸ே 3.50 0.33 1.60 2.01 

From Table 6, it can be seen that the value of element 5 is significantly smaller than that of the 
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other elements. Thus, it can be determined that element 5 is a damaged unit. Similarly, for the 
25 % damage result, the recognition effect is still significant. 

Fig. 12 is a histogram based on Table 7. 

Table 7. Variation of eigenvalues with degree of damage 
Place an order 1 2 3 4 5 6 7 8 
Original form 66.1 97.6 162.8 558.9 564.9 978.0 996.3 1735.2 
Unit damage 60.2 74.5 154.9 553.0 562.9 950.2 965.8 1699.5 
Variations 5.9 23.1 7.9 5.9 2.0 27.8 30.5 35.7 

 
Fig. 12. Observed value of frequency variation before and after 25 % damage to the testing model 

 
a) Calculated value of element 5 

 
b) Calculated value of element 6 

Fig. 13. Calculated values of element 5 and element 6 with 25 % damage to the testing model 

The values of element 5 and element 6 in Fig. 13 are similar. To ensure the damage location, 
Eq. (7) is used to calculate the values of some adjacent elements to determine which is the true 
damage unit. The values are shown in Table 8. 

Table 8. Detection of damaged units according to Eq. (7) 
Damaged element number 4 5 6 7 𝐸ே 3.09 0.04 1.84 2.227 

From Table 8 of 𝐸ே, the value of element 5 is less than the other values. Therefore, based on 
the error of the identification results calculated by the Eq. (7), it can be understood that element 5 
is a damaged unit. 

The error of the recognition result calculated from Eq. (8) is shown in Fig. 14. 
As it can be seen from Fig. 14, due to the complex structure of the marine single-column 

platform, there is a certain recognition error in the damage recognition results of different  
elements. However, in this method, the detection errors of all elements do not exceed 3 %, the 
actual damage detection is good, and the detection errors of all elements are within the acceptable 
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range. This detection method (frequency variation square ratio) is conditionally accepted as the 
Method 1 implemented in this study and Literature [6], the wavelet packet transform component 
energy is the Method 2 to identify the structural damage, meanwhile the TRIM based method from 
the Literature [11] is introduced as the Method 3.The experimental results of the error comparison 
between element 5 identification results from these different methods are shown in Fig. 15. 
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Fig. 14. Identification of damage errors on offshore platforms 
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Fig. 15. Error analysis of identification results for different methods 

As it can be seen from Fig. 15, among the three methods, the proposed frequency-based 
single-column platform structure damage identification method 1 has the smallest identification 
error, and its detection error of element 5 does not exceed 3 %. Sensitivity-based finite element 
model update and wavelet packet transform component energy method 2 has the largest 
identification error with a maximum error of 7.2 %. 

6. Conclusions 

1) In the study of damage location of single column platform, the damage location of the upper 
part of single column structure (the section from the single column node bracing piece to the 
platform bracing) is relatively accurate; the damage location of the lower part of single column 
structure (the intersection of single column diagonal brace to the base part) is not obvious.  

2) The method named “Frequency variation square ratio” is proved to be effective in this 
research where the damage degree was considered as 12.5 % and 25 %. With the increase of 
damage degree, the accuracy also increases. A new damage identification method is proposed for 
an offshore platform, which improves the current offshore platform damage detection technology 
applied and provides a reference for the damage identification and damage location for a 
single-column ocean platform in the future. Frequency is an easily obtainable dynamic 
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characteristic of a structure. For structures that are difficult to extract dynamic characteristics, 
especially for damage identification of simply supported beams, pressure pipelines, bridges, and 
truss structures, the frequency method is the preferred solution. 

3) The reason why the damage location effect of this method is not obvious in the lower half 
of single column structure is analyzed. In previous studies, “the square ratio of frequency variation 
ratio” has been successfully applied to simply supported beams, pressure pipelines, beam string 
structure and bridges. So, it is preliminarily estimated that the “frequency variation square ratio” 
method is suitable only for the whole beam structure. On the one hand, although this method has 
the function of damaging the location, it is susceptible influences from adjacent elements that 
potentially leads to an assessment error. For a large-scale damage, when dividing the structure 
into units, it is easy to divide the same damage into different units. On the other hand, low order 
frequencies are easy to obtain during actual testing, but they are often used to reflect the overall 
characteristics of the structure, resulting in poor identification of structural damage locations; High 
order frequencies contain spatial information of structures, but it is not easy to test and obtain in 
practical engineering. In existing research, there is relatively insufficient targeted research on 
structural types in existing literature. Damage identification indicators are affected by external 
parameters such as noise, number of sensors, and modal order. It is urgent to determine a 
reasonable damage identification indicator through parameter impact analysis of damage 
identification indicators. The use of the BP neural network methods for identifying the damage in 
this area is a field for a further research. The structural damage detection method based on neural 
networks has broad development prospects. But due to the need for a large number of samples for 
training in prediction data, complex structures may make the sample data too large and the neural 
network cannot converge. Therefore, further research is needed. 

7. Prospect 

1) In this article simulating the actual damage of the structure is achieved by reducing the 
stiffness of a certain element. However, the actual damage of the structure is a joint action of 
various damages. Further research is needed to accurately simulate the actual damage of the 
structure to achieve software analysis that is more in line with the actual situation. 

2) Although a single damage location is located by the frequency variation damage index, the 
study of the variation pattern of coexisting frequencies in multiple damage states and how to locate 
damage, as well as how to locate damage in symmetric positions remain to be studied. 

3) Natural frequency is an inherent property of the structure and a global parameter, from 
which relatively little damage information is obtained. The parameters derived from structural 
modal shapes are increasingly being used in research on structural damage identification. 

4) When there is damage to a certain part of the structure, other parts of the structure still 
function normally. Combining neural networks, strain modes, perturbation theory, wavelet 
transform and dynamic fingerprints, modal strain which is sensitive to the location of structural 
damage can effectively identify and locate the degree of structural damage in different parts. 

5) In order to generate a clean, quasi-static frequency response function for damage diagnosis, 
a structural damage detection scheme based on noise robust operating modes using impact 
synchronous modal analysis can be used. By utilizing the denoising characteristics of impact 
synchronous modal analysis, a noise robust damage detection scheme for operating machinery can 
be attempted. It can generate EMA (experimental modal analysis)-like or static-like FRFs 
(frequency response functions), which only contain structural dynamic information for damage 
assessment. 

6) BP neural network belongs to shallow learning algorithms that are efficient when the data 
size is small or the data quality is good. However, shallow learning also has certain disadvantages, 
such as being prone to getting stuck in local optima, taking too long to compute, and becoming 
increasingly inadequate to meet the needs of the mega data era. Deep learning algorithms that can 
be adapt to contemporary needs. 
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