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This paper reviews the state-of-the-art progress of research into corrosion fatigue on marine structures, both theoretical and experimental. This includes corrosion fatigue life prediction models/methods, load–environment interaction/coupling test methods, accelerated corrosion methods in corrosion fatigue testing, fatigue crack measurement, and corrosion fatigue life assessment in the whole life period. To date, some theoretical models and methods for predicting the corrosion fatigue life of metallic materials or structures have been proposed and applied. Meanwhile, load–environment interaction/coupling testing on metallic material specimens has been maturely developed and widely applied. Some newly developed corrosion fatigue theoretical and experimental methods, based on data-driven machine learning and at-sea monitoring, have received preliminary application. This review of accelerated corrosion methods, fatigue crack measurement methods, and corrosion fatigue life assessment for marine structures in the whole-life period has been undertaken by extensive reference to relevant studies conducted worldwide. Challenges and recommendations for further developing and improving corrosion fatigue assessment methods and test techniques are also reported and discussed.
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1 INTRODUCTION
The marine environment is a highly corrosive natural environment. According to Hou et al. (2016), worldwide average corrosion loss accounts for about 3.4% of global gross domestic product, and more than 30% of this is due to marine corrosion. The marine environment can be vertically divided into five zones, and the harsh degree of each corrosion zone can be respectively sequenced as splash, tidal, immersion, mud, and atmospheric zones from severe to slight (Hou et al., 2016).
Marine corrosion not only causes significant economic loss but also poses a serious threat to the service safety of marine structures. Even with anti-corrosion treatment during the construction of marine structures, different degrees of corrosion damage will occur as the service life progresses (Figure 1).
[image: Figure 1]FIGURE 1 | Corrosion phenomena of different marine structures.
In addition to corrosion damage, various types of marine structures in service will suffer from fatigue damage caused by environmental/fatigue loads. Failure phenomena in engineering structures due to cracking or fracture under the combined action of fatigue load and environmental corrosion are referred to as “corrosion fatigue” (Wu, 1989; Wang, 2001). In the corrosion fatigue process, the relationship between corrosion damage and fatigue damage is not simply a superposition but one interactively promotes the other (Wang, 2001). The corrosion fatigue problem in metallic material structures is extremely complex, involving interdisciplinary theoretical disciplines such as corrosion electrochemistry and mechanics. As shown in Figure 2, the corrosion fatigue failure process of metallic materials can be distinguished into four stages: surface film rupture, pitting formation, crack initiation from pits, and crack growth (Akid, 1996).
[image: Figure 2]FIGURE 2 | Corrosion fatigue failure process of metallic materials.
Corrosion fatigue is the main challenge faced by marine structures during service, and it is also the most important factor leading to structural failure. Therefore, a comprehensive and accurate evaluation of the corrosion fatigue performance of marine structures has always been an important subject in the field of marine engineering. According to the logical framework shown in Figure 3, this current review summarizes and analyzes the current research status at home and abroad. Furthermore, it also highlights the shortcomings of existing research and the directions that still require further study.
[image: Figure 3]FIGURE 3 | Framework of research on corrosion fatigue of marine structures.
2 CORROSION FATIGUE MECHANISM OF MARINE STRUCTURE MATERIALS
Clearly understanding the corrosion fatigue mechanism of materials is a prerequisite for conducting corrosion fatigue life analysis and prediction. In terms of the development and progression of corrosion fatigue, the mechanisms can be studied from two stages: pitting formation and crack initiation, and crack growth.
2.1 Mechanism of pitting formation and crack initiation
With the gradual accumulation of fatigue damage, slip bands will form on a metal surface and cause electrochemical inhomogeneity. In corrosive environments, localized dissolution occurs at the uneven electrochemical areas, resulting in pitting formation. The morphology of pits undergoes continuous evolution, and pits will transform into cracks when they reach a critical state (Huang and Wang, 2016).
For most metallic materials, pitting formation is the primary factor that induces crack initiation. There are two main criteria for determining pit-to-crack formation:
(1) Kondo (1989) proposed the stress intensity factor criterion based on the competitive mechanism between pitting evolution and corrosion fatigue crack growth (Eq. 1):
[image: image]
where ΔK is the stress intensity factor range at the root of the pit, which increases continuously with the evolution of the pit. △Kth denotes the threshold value for corrosion fatigue crack growth in the material, which is typically considered a constant.
(2) Huang and Wang (2016) proposed the energy criterion based on the energy principle in the pitting evolution process (Eq. 2):
[image: image]
where [image: image] is the change in thermodynamic potential of the elastic body during the pit growth. △U denotes the energy required for the pit to evolve to its critical size/depth.
As shown in Figures 4A–D, the pit evolution and crack initiation process in stainless steel materials under different load cycles are well demonstrated (Ebara, 2006). It can be observed that when the morphology/size of the pit evolves to a certain extent, the pit transforms into a crack. Sadananda and Vasudevan (2020) indicated that the pit-to-crack transition can be divided into two steps (Figure 5). 1) The crack first grows on the surface of the pit until it becomes semi-elliptical in shape. 2) Uniform expansion of the semi-elliptical crack follows.
[image: Figure 4]FIGURE 4 | Process of pitting evolution and crack nucleation and propagation (Ebara, 2006).
[image: Figure 5]FIGURE 5 | Example of pitting transformed into cracking (Sadananda and Vasudevan, 2020).
The initiation of corrosion fatigue cracks is a localized process, and there are currently multiple explanations of its mechanisms (Wang Q. S. et al., 2023; Xu H. H. et al., 2023):
2.1.1 Pitting stress concentration theory
In the early stages of corrosion fatigue, electrochemical corrosion plays a dominant role, and the formation of pitting on the electrochemically heterogeneous metal surface leads to stress concentration, thereby promoting crack initiation. This theory is widely applicable to most metallic materials and is commonly used; examples are crack initiation at pits observed through X-ray computed tomography (Turnbull, 2014) (Figure 6A), the microscopic morphology of crack-pits in X80 steel (Zhao et al., 2012a) (Figure 6B), and the process of crack propagation at pits (Figures 4E–G). While all confirm the compatibility of this theory, it is not applicable to easily passivated metals that are insensitive to pitting.
[image: Figure 6]FIGURE 6 | Crack initiation due to pitting (Zhao et al., 2012a; Turnbull, 2014).
2.1.2 Slip band preferential dissolution theory
This theory proposes that the accumulation of fatigue damage leads to the formation of slip bands and the creation of anodic zones on the metal surface. The anodic zone will undergo dissolution in the corrosive environment, resulting in fatigue crack formation. This theory provides a reasonable explanation for the crack initiation mechanism in pitting-insensitive materials.
2.1.3 Protective film rupture theory
The protective film on a metal surface will rupture under external loads and form a primary cell. The exposed metal acts as the anode and undergoes dissolution until the protective film is repaired again. This cyclic process leads to the initiation of fatigue cracks.
2.1.4 Adsorption theory
Metallic materials adsorb active substances from the corrosive medium, leading to a decrease in surface energy and the initiation of cracks under the influence of fatigue loading. This theory is applicable to study of the corrosion fatigue mechanism in hydrogen-rich environments.
2.2 Corrosion fatigue crack growth mechanism
This mechanism mainly includes oxide film rupture–anodic dissolution, hydrogen-induced cracking, and a combination of both (Zhao et al., 2012b; Nam et al., 2015). Chen (2016) has proposed several factors that could promote corrosion fatigue crack propagation:
(1) repeated formation of a fresh metal surface at the crack tip;
(2) repeated rupture of passivating films at the crack tip;
(3) influence of adsorbed corrosion products on the plastic zone of the crack, thereby increasing the crack growth rate;
(4) anodic dissolution of the metal at the crack tip;
(5) outward transfer and delivery of corrosion products towards the crack tip;
(6) effects of corrosion product accumulation at the crack tip.
These six factors are dependent on the specific “material–environment” combination. Previous studies have indicated that for marine structural steels exposed to seawater, the primary mechanisms of corrosion fatigue crack growth are anodic dissolution and hydrogen embrittlement. Huang (2013) found that both anodic dissolution and hydrogen embrittlement contribute to corrosion fatigue crack growth, but their respective contributions vary depending on the material and corrosion environment. In conclusion, the mechanism of corrosion fatigue crack growth exhibits strong dependence on the “material–environment” combination, and there is currently no universally applicable mechanism that can explain this phenomenon in metallic materials.
3 CORROSION FATIGUE LIFE PREDICTION METHODS FOR MARINE STRUCTURE MATERIALS
The analysis and prediction of the corrosion fatigue life of metallic materials or structures involve interdisciplinary theoretical foundations such as mechanics and electrochemistry. Existing corrosion fatigue life prediction models and methods are mainly derived and developed based on fracture mechanics and damage mechanics theory. However, the current theoretical models and methods still involve a significant amount of simplification and assumption. With the application and promotion of big data technology, data-driven approaches for life prediction have emerged which rely on limited experimental data for inverse analysis without explicitly considering the corrosion fatigue mechanism.
3.1 Corrosion fatigue life prediction method based on fracture mechanics
Fracture mechanics addresses the crack growth life of cracked bodies and is not suitable for analyzing crack initiation life. The initiation of corrosion fatigue cracks is often studied using pit growth models based on corrosion kinetics theory. However, in current research, the stress intensity factor criterion is commonly used to determine the transition from pits to cracks, and the life before the transition is assumed as the crack initiation life. This combines fracture mechanics theory with corrosion kinetics theory.
Li and Akid (2013) defined the total corrosion fatigue life N of carbon steel materials as the sum of the pit crack nucleation life Ni, short crack growth life Ns, and long crack growth life Nl (Eq. 3):
[image: image]
where the life prediction models of each stage are as follows (Eqs 4, 5):
[image: image]
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where [image: image] is relative atomic mass, [image: image] is pit current, n is valence, F is Faraday’s constant, [image: image] is density, [image: image] is the threshold of intensity factor range, [image: image] is the intensity factor range, [image: image] is the stress concentration factor, [image: image] is nominal stress amplitude, [image: image] is load frequency, [image: image] is critical pit depth, [image: image] is critical short crack size, [image: image] is failure crack size, a is crack dept, and [image: image], [image: image], [image: image], and [image: image] are model parameters.
Similarly, Harlow and Wei (1994) divided total corrosion fatigue life into three stages: pit formation to surface crack initiation (tth); surface crack growth to through-crack formation (ttc); through-crack growth to failure (ttg). In the first stage, the life is analyzed by using the stress intensity factor threshold △Kth and a pit growth kinetics model based on Faraday’s law. It is assumed that the pit grows at a constant rate and remains semi-spherical throughout. The corresponding life is denoted as tth (Eq. 6):
[image: image]
The critical pit depth ath for the transition from pit to crack can be obtained from the relation ath ∝△Kth as follows (Eq. 7):
[image: image]
The life of the latter stage is predicted based on the generalized Paris equation thus (Eq. 8):
[image: image]
where [image: image] is activation energy, R is the universal gas constant, T is absolute temperature, [image: image] is critical pit depth, [image: image] is initial pit size, [image: image] is critical through-crack size, [image: image] is the pit current coefficient, [image: image] is frequency, [image: image] is the radius of the rivet hole, [image: image] and [image: image] are model parameters, and the other parameters are defined as above.
Based on Harlow’s research, Sriraman and Pidaparti (2010) considered the influence of fatigue load/stress on the life of the first stage and introduced stress influence factor C into the calculations (Eq. 9):
[image: image]
This method considers the combined effects of the corrosion environment and load on pit growth, hence improving the accuracy of predicting crack initiation life. However, the value of stress influence factor C is closely related to the range of stress and requires experimental identification for accurate estimation.
Mao et al. (2014) defined the shape parameter of the pit, denoted as [image: image], where a represents the vertical semi-axis length (pit depth) and c represents the horizontal semi-axis length of the pit. Based on the research of Sriraman and Pidaparti (2010), a new model for predicting crack initiation life was developed (Eq. 10):
[image: image]
The crack initiation life corresponding to different ranges of λ are as follows (Eqs 11, 12):
[image: image]
[image: image]
where C is the stress influence factor, [image: image], and the other parameters are defined as above.
In the above studies, the total corrosion fatigue life was divided into two parts: crack initiation and crack growth (including short and long cracks), with time tth of the occurrence of the critical pit depth ath as a dividing point. As shown in Figure 7, Goswami and Hoeppner (1995) provided a more detailed division with seven stages: pit initiation, pit growth, pit-to-crack transition, short crack growth, short-to-long crack transition, long crack growth, and fracture.
[image: Figure 7]FIGURE 7 | Division of corrosion fatigue life.
Based on above divisions, Shi and Mahadevan (2001) proposed a life prediction model consisting of four stages: pit initiation life ([image: image]), pit growth life ([image: image]), short crack growth life ([image: image]), and long crack growth life ([image: image]). This model was developed based on the assumption of single-point corrosion damage and combined fracture mechanics models with probability statistics methods. In this method, the [image: image] can be simulated by the Monte Carlo method, and the other life prediction models are (Eqs 13, 14):
[image: image]
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where [image: image] is critical short crack size, [image: image] is shape factor, [image: image], [image: image], [image: image], and [image: image] are model parameters, and the other parameters are defined as above.
Although this method is based on single-point corrosion damage, it improves the prediction accuracy to some extent for pit initiation life and short crack propagation life. Similarly, Wang et al. (2001) divided crack initiation life into pit initiation and crack initiation from pit, and provided the corresponding prediction model as follows (Eqs 15–17):
[image: image]
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where [image: image] is total corrosion fatigue life, [image: image] is crack initiation life, [image: image] is crack growth life, [image: image] is fracture energy, A has been given in Wang et al. (2001), [image: image] has been given in Harlow and Wei (1994), [image: image] = 1, [image: image], [image: image] is range of shear stress, [image: image] is friction stress, [image: image] and n are model parameters, and the other parameters are defined as above.
This prediction model further enhances the accuracy of predicting crack initiation life. However, the increased number of variable parameters in the model leads to higher computational complexity, and the generalizability of model parameters is limited.
Through the above prediction models, it can be observed that the threshold value of the stress intensity factor ΔKth is a crucial parameter, which is an important basis for dividing crack initiation life and growth life. However, in a corrosive environment, ΔKth exhibits a strong dependence on the material–environment–load combination, and its value can only be determined experimentally. Additionally, when calculating the corrosion fatigue crack growth life by using the generalized Paris equation, the influence of the corrosive environment on the crack growth rate can only be corrected through the model parameters C and m. However, quantifying the acceleration of fatigue damage caused by the corrosive environment and understanding the synergistic relationship between them still remains a technical challenge to be resolved.
3.2 Corrosion fatigue life prediction method based on damage mechanics
As mentioned above, the application of fracture mechanics makes it difficult to quantitatively describe the synergistic relationship between corrosion and fatigue. However, corrosion fatigue life prediction methods based on damage mechanics can somewhat quantify the relationship between corrosion and fatigue.
Zhang J. et al. (2018) considered the influence of corrosion on material performance degradation from the perspective of material fatigue limit. They established a functional relationship between the material fatigue limit, surface roughness, and corrosion time, and proposed a multi-axial fatigue damage evolution model that takes into account the effect of corrosion (Eq. 18):
[image: image]
where the fatigue limit [image: image] is determined by the surface roughness [image: image] and model parameter MC at corrosion time t.
Miao and Lv (2019) characterized the degree of material corrosion damage using porosity and established a relationship (Eq. 19) between porosity (P), Young’s modulus (E), and a damage variable (D). They incorporated this relationship into the material constitutive equation, hence introducing the coupled effect of material corrosion damage into the fatigue damage evolution model.
[image: image]
where [image: image] is the effective Young’s modulus, E is the Young’s modulus of substrate material, and f(P) represents the Taylor series expansion with P as the independent variable.
Zhang F. et al. (2021) calibrated the relevant parameters of the uniaxial elastic damage evolution model (Eq. 20) based on material property and fatigue tests of smooth steel bars. They conducted fatigue tests on pitted steel bars with different pit shapes and stress ratios. The experimental results were numerically simulated and verified using the calibrated model parameters.
[image: image]
where D is the elastic damage variable, N is the load cycles, [image: image] and [image: image] are the range of stress and mean stress, respectively, and [image: image] are material parameters.
Similarly, Cui et al. (2020) determined the evolution model of pits based on corrosion kinetics equations and studied the high-cycle fatigue damage of pitted steel bars, considering elastic–plastic effects by using a simplified uniaxial elastic and plastic damage evolution model (Eq. 21). The distribution of Von Mises stresses and damage near the pits under different corrosion times were simulated.
[image: image]
where De is the elastic damage variable, Dp is the plastic damage variable, N is the number of load cycles, [image: image] is the maximum elastic strain, and [image: image] is the cumulative plastic strain.
Under corrosive environments, the mechanical properties of materials will degrade to some extent. Appropriate damage variables can organically integrate corrosion and fatigue and characterize the coupling effect between the corrosive environment and fatigue load through the evolution of damage variables. However, the current damage evolution models have high computational complexity and require the calibration of numerous material parameters based on experiments. This limits the practical application of this theoretical approach, especially for the corrosion life prediction of in-service marine platform structures.
3.3 Corrosion fatigue life prediction method based on data-driven
Corrosion-fatigue life prediction methods based on fracture and damage mechanics mentioned above are referred to as physics-based model-driven methods. On the one hand, due to the numerous and interconnected factors that influence corrosion-fatigue life, the non-linear relationship between multidimensional influencing factors and fatigue life is difficult to describe using these methods. On the other hand, data-driven prediction methods do not rely on the specific mechanisms of corrosion-fatigue but generate corresponding prediction models by integrating large amounts of data. This approach has brought new ideas and methods to corrosion-fatigue life prediction.
The life prediction method based on data mainly includes statistically based and machine-learning-based approaches, with the latter being more advanced in terms of application. The general workflow of using machine learning methods for prediction is as follows (Xu H. H. et al., 2023): data acquisition, data preprocessing, feature extraction, model selection, model training and testing.
Cavanaugh et al. (2010) predicted the maximum pit depth and diameter of aluminum alloy materials by using the artificial neural network (ANN) model with input conditions including pH value, temperature, Cl− concentration of the corrosive solution, material orientation, and corrosion time. Co et al. (2018) employed two methods—random forest (RF) and logistic regression (LR)—to predict the correlation between macroscopic and microscale corrosion parameters of the material and the initiation of corrosion fatigue cracks. Pidaparti (2007) combined wavelet image processing, cellular automaton, and ANN models to predict the fatigue life, damage, and integrity of structures in corrosive environments. Variables such as the electrochemical parameters of a corrosive environment, material loss and residual strength, initial and failure crack sizes, and fatigue loading conditions were considered. Yang et al. (2021) proposed a novel approach for multi-axial fatigue life prediction with fully connected neural network (FCNN) and long short-term memory neural network (LSTM) methods. Their prediction method (Figure 8) overcomes the limitations of traditional prediction models that are restricted to specific materials and loading conditions, and it achieves satisfactory predictive results.
[image: Figure 8]FIGURE 8 | New method of lifetime prediction for multi-axial fatigue (Yang et al., 2021).
Although the above models have strong data generalization capability and predictive functionality, it is only through the construction of physics-informed data-driven prediction models that sample data can be combined with the mechanical and physical laws of corrosion fatigue. This integration enables more accurate predictions of corrosion fatigue life. Zhang X. C. et al. (2021), Dourado and Viana (2020), Kong et al. (2020), Chen and Liu (2022), and George et al. (2021) have conducted some research in this regard. However, due to the current limitations of such research, the application effectiveness of these models in corrosion fatigue remains to be objectively evaluated. Nevertheless, as an emerging approach for life prediction, this method offers prospects for development and application.
4 CORROSION FATIGUE EXPERIMENTAL STUDY ON MARINE STRUCTURES
Corrosion fatigue testing is an important research method for corrosion fatigue which can provide necessary data for verifying theoretical methods and models. Using the coupling level between fatigue load and the corrosion environment, corrosion fatigue testing can be divided into two types: load–environment interaction testing and load–environment coupling testing. We here provide an overview of the research progress on corrosion fatigue test and crack measurement methods related to marine steel structures and materials. In addition, the research status of the at-sea monitoring of corrosion fatigue damage in marine steel structures is also introduced.
4.1 Fatigue load–corrosion environment interaction test
Fatigue load–corrosion environment interaction testing examines the interaction of corrosion and fatigue on the structure or material according to a certain cycle period, also known as “pre-corrosion fatigue testing”.
Zhang and Zhang (2016) conducted a fatigue–corrosion interaction test on Q345 steel with different immersing–airing times which indicated that longer immersing–airing times lead to more corrosion and fatigue performance degradation. Guo et al. (2021a, 2022) conducted a fatigue test on Q690 high-strength steel after 60 and 100 days of corrosion and studied the influence of the degree of corrosion on the fatigue properties of Q690 high-strength steel. Only material specimens were used in the tests above tests, so they are only suitable for exploring the influence of corrosion on the fatigue properties and failure mechanism of materials but are not sufficient to reflect the fatigue properties of large-scale steel structures in corrosion environments. Zhang (2020) conducted a salt-spray corrosion test on the T tubular joint, widely used in marine engineering structures, at different periods in the salt spray cabin and then conducted a fatigue test on these corroded T tubular joints at room temperature under atmospheric conditions (Figure 9). Other studies on load–corrosion interaction testing are Shamir et al. (2023), Rangana et al. (2019), and Zhang A. Q.et al. (2022).
[image: Figure 9]FIGURE 9 | Pre-corrosion fatigue test of T tubular joint Zhang (2020).
Although the corrosion environment and fatigue load are considered separately in this method, it also has the following advantages.
(1) The requirements for both test equipment and technology will be reduced because to the corrosion environment and fatigue load are separate.
(2) It is hard to observe and detect the fatigue crack of steel structures in a corrosion environment. There is no corrosion environment in fatigue testing in this method, which can greatly reduce the difficulty of crack detection.
(3) This method is relatively economical, convenient, and feasible, and it is also practical due to the setting of a safety factor.
4.2 Fatigue load–corrosion environment coupling test
Fatigue load–corrosion environment coupling testing means that the structure or material specimen is subject to the combined action of fatigue load and the corrosion environment during the test. Setting an environmental box/container around the structure or material specimen is widely used in current tests. Different types of corrosion environment, such as salt spray and seawater, can be simulated in the environmental box/container, thereby realizing the coupling of the corrosion environment and fatigue load in the test. Typical corrosion fatigue test equipment with small a environment box is shown in Figure 10. The objects are mostly material specimens (such as standard tensile specimens, three-point bending specimens, etc.) for this test, and the monitoring/detection methods for fatigue life and cracks are also relatively mature. Current research mainly focuses on the influence of corrosion environment parameters (pH, salinity, temperature and humidity, etc.) and fatigue loading modes (load ratio, frequency, waveform, etc.) on the fatigue life, crack growth rate, and failure mechanism of specimens.
[image: Figure 10]FIGURE 10 | Typical corrosion fatigue test equipment with small environment box. (A) Horizontal loading (Wang, 2016). (B) Vertical loading.
Liu et al. (2022) conducted a corrosion fatigue test on three-point bending (TPB) specimens under the coupling of fatigue load and artificial seawater by using the external environmental box; they studied the influence of different fatigue loading modes (stress ratio and frequency) and different corrosion environmental conditions (temperature and flow velocity) on fatigue crack growth in specimens. Yang et al. (2023) made compact tensile (CT) specimens with a through-crack using Q420B steel and established a salt spray environment–fatigue load coupling test system by specimens, corrosion box, and frame style fatigue loading device (Figure 11) and then studied the impact of spraying mode, pH value, and stress ratio on the crack growth rate of the CT specimen. Zhang et al. (2019) conducted a corrosion fatigue test on 7,050-thick plate aluminum alloy material under 3.5% NaCl solution and oil tank water environment, respectively. They then analyzed the influence of different stress concentration factors and corrosion environments on the fatigue properties of this material by using the three-parameter fitting SN curve. Wang (2016) fabricated a tensile specimen using AH32 steel and designed the corrosion fatigue test equipment (Figure 10A) before conducting a pre-corrosion fatigue test and corrosion fatigue test on the tensile specimens. The result showed that the failure degree due to corrosion fatigue was much greater than that of pre-corrosion fatigue. Wang et al. (2019) conducted a crack-growth test on center cracked tension (CCT) specimens made of E690 steel in air and 3.5% NaCl solution under different stress ratios. Luo et al. (2021) established a marine atmospheric environment–tensile/compressive/bending load coupling test platform at Wanning test station in Hainan by using the outdoor humid/hot marine atmospheric environment as the corrosion environment (Figure 12). Although the test platform is mainly used to conduct corrosion fatigue testing on material specimens, it also provides application examples and ideas for corrosion fatigue testing. Liu et al. (2024) conducted fatigue tests on Q690D high-strength steel specimens under the coupling of fatigue loads and corrosive environments using the current-accelerated corrosion method and obtained the corrosion characteristics and SN curve of the specimens. Compared with non-corrosion and pre-corrosion, the corrosion fatigue life of the specimens decreased significantly. Other research on corrosion fatigue testing related to marine steel materials are reported in Cheng and Chen (2017a), Cheng and Chen (2017b), Wickmann and Sander (2023), and Yadav et al. (2023).
[image: Figure 11]FIGURE 11 | The coupling test system of salt spray environment and fatigue load (Yang et al., 2023).
[image: Figure 12]FIGURE 12 | Coupling test platform of marine atmospheric environment and tensile/compression/bending load (Luo et al., 2021).
The fatigue load–corrosion environment coupling testing mentioned above is mainly aimed at the material or small standard specimen. Nevertheless, corrosion fatigue testing on full- or large-scale structural components can accurately reflect the anti-fatigue performance of marine steel structures in a corrosion environment. There is currently little research on the corrosion fatigue of full- or large-scale structural components. Chen et al. (2021) thus developed a corrosion fatigue test system suitable for large-scale models of marine engineering structures (Figure 13). This test system can provide the complex marine corrosion environmental parameters required in corrosion fatigue testing, including humidity, temperature, light, salt spray, flow velocity, seawater dissolved oxygen, and pH. The simulated corrosion environment in this system is closer to the real marine environment, and each environmental factor can also be dynamically adjusted according to the requirements of the corrosion acceleration rate. Real-time coupling between the marine corrosion environment and fatigue load is realized with a fatigue loading unit, breaking through the limits of corrosion fatigue testing on material specimens with the environmental small box. However, it still presents the following difficulties. 1) It is very difficult to monitor/detect the stress, strain, fatigue crack initiation, and growth of steel structures in harsh test environments such as high temperature and high humidity foggy environments and sea water environments. No appropriate means has yet been developed and applied. 2) It is difficult to conduct in-situ measurement of the corrosion rate/damage of large-scale structures due to their weight and the large area of corrosion anode. 3) There is no effective method of evaluating the coordination between corrosion damage and fatigue damage and of matching it with real sea conditions.
[image: Figure 13]FIGURE 13 | Sketch and picture of corrosion fatigue test system for large scale model (Chen et al., 2021). (A) Sketch. (B) Picture.
4.3 Accelerated corrosion methods in corrosion fatigue tests
Corrosion fatigue testing for marine structures should accurately replicate the load and corrosion damage conditions acting on the structure. Testing should also be accelerated to some degree in order to shorten the test time and save costs. The load condition can be defined and represented by the number of load cycles which drives the fatigue damage. Therefore, performing load acceleration (accelerated fatigue damage) is relatively simple and could be achieved by increasing the load frequency. On the other hand, it is difficult to realize short-term accelerated corrosion due to the corrosion damage mainly depending on the time.
At present, much research has been conducted on the marine atmospheric environment accelerated corrosion test, and many mature test methods have been established, such as salt spray testing (Cui et al., 2019; Wang H. J. et al., 2022; Peng et al., 2023), damp heat testing (Guo et al., 2021b), alternating dry–wet testing (Cheng et al., 2017), electrolytic accelerated corrosion testing (Chen et al., 2020), and Corrodkote accelerated corrosion testing (Feng et al., 2006). However, there is still no mature and standard method for seawater environment accelerated corrosion testing due to the significant difference between the seawater and marine atmospheric environments. Seawater is a natural electrolyte with complex composition; its temperature, salinity, dissolved oxygen concentration, acidity and alkalinity are all important factors that affect the corrosion rate of structural materials (Liu et al., 2003; Hou et al., 2016). Moreover, environmental conditions such as ocean current velocity and wave splash are also important influences on the corrosion rate (Yang et al., 2014). According to these characteristics of the seawater corrosion environment, the corrosiveness of a solution can usually be increased by adjusting the environmental parameters of the corrosive solutions to achieve the effect of accelerated corrosion in the current corrosion fatigue test. Woloszyk et al. (2021) conducted indoor accelerated corrosion research, developing an accelerated corrosion degradation device to simulate the degradation of marine structural samples at different levels of corrosion. The device controls the corrosion process by regulating factors such as temperature, PH, oxygen content, salinity, and flow rate. The corrosion degradation control experimental device exhibits good similarity in corrosion trends and acceleration. Khunphakdee and Chalermsinsuwan (2023) comprehensively reviewed the flow accelerated corrosion (FAC) mechanism and contributing factors, preventive measures, and FAC management strategies as well as FAC rate prediction models. The reduced intermediate product of O2, H2O2 can promote the seawater corrosion of low alloy steel under the condition of not changing the corrosion mechanism, and the effect of accelerated corrosion increases with increased H2O2 (Bai et al., 2024; Feng et al., 2024). In addition, Wang et al. (1987) proposed an accelerated wheel method and Yu et al. (2009) given an intermittent immersing corrosion test method. The principle of these two methods is to shorten the alternating dry–wet period and increase the contact time between the material and corrosion medium to achieve the effect of accelerated corrosion. However, the corrosion acceleration ratio (simulated corrosion rate–real sea corrosion rate) is still low in these accelerated corrosion tests. Therefore, it is difficult to achieve a high corrosion acceleration ratio (e.g. > 100) simply depending on adjusting the environmental parameters of corrosive solutions.
In comparison, the impressed-current accelerated corrosion (ICAC) technique is the most effective acceleration method and has been widely employed in laboratories to fabricate corroded steels within a relatively short time. Liu et al. (2024) conducted a corrosion fatigue test on Q690D high-strength steel specimens using the ICAC method; the set-up of this corrosion fatigue test is shown in Figure 14. However, the disparity between theoretical and actual mass losses, characterized as current efficiency, is difficult to quantitatively and nondestructively measure in ICAC (Hu et al., 2024). For this purpose, Hu et al. (2024) proposed and investigated a two-circuit setup along with a particular calculation method for measuring current efficiency without interrupting the ICAC current and destroying the steel samples.
[image: Figure 14]FIGURE 14 | Set-up of corrosion fatigue test (Liu et al., 2024).
In addition, the ICAC technique is currently mainly employed in accelerated corrosion research and corrosion fatigue testing on material samples. Considering the safety of testing and the operability of the equipment’s insulation, it is difficult to apply the ICAC technique in corrosion fatigue testing on large-scale structures because the specimen, loading equipment, and corrosion device are so large. Furthermore, it is almost impossible to measure the corrosion rate of specimens in situ due to the difficulty of increasing the corrosion rate and the large corrosion area in corrosion fatigue testing on large-scale structures. It is also difficult to inflict obvious corrosion damage on the specimen in a short time due to the difficulty in increasing the corrosion rate. Thus, the corrosion damage of a specimen can only be increased by extending the test time, but this will significantly increase testing costs. Therefore, from the perspective of the development of corrosion fatigue test technology, simulating a high acceleration ratio corrosion environment is an important issue requiring further study.
4.4 Crack measurement methods
Crack measurement is an important aspect of corrosion fatigue testing; it can be divided into crack length and crack depth measurement. The former has been the subject of much research, and some mature methods have been formulated. Among these, crack length measurement methods based on the compliance principle, such as back face strain (BFS), crack tip opening displacement (CTOD), and unloading compliance have been widely used. The ratio between the deformation and the corresponding load of a material/specimen under external load is termed “compliance”. This will change as soon as cracks or crack growth occur in the material/specimen. A crack’s length can be calculated according to the change in compliance when other conditions remain unchanged (Chen, 2015). Therefore, the basic idea of the compliance method is to establish the conversion relationship between the dimensionless compliance D and the normalized crack length [image: image] (Eq. 22), and the crack length can be calculated through the change in compliance.
[image: image]
Yang et al. (2023) obtained the crack length of CT specimens through the conversion relationship between BFS data and crack length (Eq. 23) by using the BFS method (Figure 15A). Wang et al. (2015) measured the crack length of CT specimens at room temperature under atmospheric conditions by using the CTOD and image observation methods. They found that the results of the two methods were basically consistent, further establishing the feasibility of this compliance method. Jacob and Mehmanparast (2021) measured the crack length of CT specimens under air and artificial seawater based on the BFS method and obtained good results. Chen (2015) studied the specific method of applying the BFS method to crack length measurement for TPB specimens and found that the strain and crack length had strong regularity on the front face of the sample and that the strain should be collected on the front face when using BFS (Figure 15B). Zhang H. J. et al. (2018) conducted fatigue crack growth testing on CT specimens of 16Mn steel submarine pipeline material at room temperature under atmospheric conditions based on the CTOD and BFS methods (Figure 16A). The result indicated that the two methods had good equivalency and were alternatives for each other. The crack length of the CT specimen was then measured by using the BFS method in seawater (Figure 16B).
[image: image]
where [image: image] is the crack length of the CT specimen. The values of [image: image] are 1.0033, −2.35, 1.3694, −15.294, 63.182, and −74.42, respectively. [image: image]. The dimensionless compliance [image: image]. [image: image] is BFS data, P is tensile load, E is the elastic modulus of the specimen material, B is the thickness of the specimen, and W is the width of the specimen.
[image: Figure 15]FIGURE 15 | Sketch of Back Face Strain (BFS) method. (A) CT specimen (Yang et al., 2023). (B) TPB specimen (Chen, 2015).
[image: Figure 16]FIGURE 16 | Measuring the crack length of CT specimen. (A) CTOD method (in air). (B) BFS method (in seawater).
In addition, digital image correlation (DIC) technology, the potentiometric method, the direct-reading method, and ultrasonic/magnetic particle/penetration detection methods can also be used to measure crack length. Zhang L. et al. (2022) proposed crack length detection based on digital images. Firstly, the noise interference on the structural surface is eliminated using a convolutional neural network and identifying the crack characteristics. Then, the exact coordinates of the crack tip are obtained using the crack tip identification algorithm and reading the crack length according to the coordinates.
Huang et al. (2022) proposed a high-precision dynamic method to measure fatigue crack length based on the combination of edge detection and DIC technology, with the aim of detecting the crack length caused by its closure. Compared with the edge detection and microscope direct-reading methods, the results indicated that this method had significant advantages in measurement accuracy and can effectively detect the closed crack. To solve the problem of measuring the crack length of aero-engine materials at high temperature (650 °C∼800 °C), Wang L. et al. (2022) proposed that the direct current potential method can be applied to measure the crack length of a GH4169 superalloy material CCT specimen, and the feasibility and effectiveness of this method have been verified by experiments. Wang et al. (2021) proposed a crack length measurement method combining fluorescence penetration detection and pixel size accumulation processing for the crack image, so as to measure and calculate the crack length on the complex surface of a workpiece. Zhang et al. (2016) introduced a surface crack length measurement method by using the crack expander developed from the direct current potential method. This method was simple to operate and had high accuracy, and it can measure surface crack length automatically. Li et al. (2015) proposed a measuring device for fatigue crack length based on the alternating current potential method. This measuring device is based on the LabVIEW platform, and it adopted a virtual instrument system to collect, analyze, and process data, and realized functions such as visual operation, automatic measurement, curve display, and data preservation.
These methods have been widely used for crack length measurement in conventional test environments, but have rarely been used in harsh corrosive environments such as high temperature, high humidity, high salt spray, and seawater.
On the other hand, the main task for surface cracks is to measure the crack depth, which has been the subject of much research. The alternating current potential drop (ACPD) method had been used earlier in the measurement of surface crack depth. This technique detects crack size in steel structures based on the theory of alternating current (AC) potential drop (Shao, 2010). A skin effect will be produced as the high frequency AC flows through ferromagnetic materials, making the current flow only within a certain thickness range of the surface layer of a metal (steel) structure. As shown in Figure 17, the current passes through a path with surface crack ΔR as the probe spacing, and ΔC = ΔR as the surface spacing containing the crack. The potential drop corresponding to ΔR is VR, the potential drop corresponding to ΔC is VC, and d1 is the crack depth. The potential drop is proportional to the distance the current passes.
[image: image]
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[image: Figure 17]FIGURE 17 | Sketch of measuring surface crack using the ACPD method.
The crack depth (Eq. 26) can be derived from Eqs 24, 25:
[image: image]
Theoretically, the ACPD method applies only to an infinitely long crack in an infinitely large plate. It is not suitable for detecting the surface crack of most engineering structures (such as tubular joints), but it can be corrected to achieve the desired effect. Shao (2010) and Shao et al. (2013) conducted fatigue crack growth tests on welded K- and T-type tubular joints at room temperature under atmospheric conditions, measuring the crack depth and length during surface crack growth based on ACPD. Compared with the measured crack shape, the measured value using the ACPD agrees well with the actual value at the crack deepest point, while the measured value, at some parts deviating from the deepest point, has a large error. Chaudhuri et al. (2019) established a multi-probe ACPD device to monitor crack initiation at the weld toe by laying working and reference probes on one side of a cross welded joint (Figure 18) and defined the moment when the potential decline of the working probe was 2 mV at the moment of crack initiation. The device can monitor crack initiation at the weld toe well, but the multiple cracks at the weld toe will affect the recognition of ACPD signal, leading to the measurement error. Therefore, measurement accuracy using the ACPD method is closely related to the shape and distribution of cracks (multi-crack, oblique crack, shallow-short crack, deep crack, etc.) on the measured surface. In practical application, it is necessary to correct the measured value according to the specific situation. Chen et al. (2022) proposed a method combining strain monitoring, ACPD, and fatigue scoring to provide corresponding measurement according to different stages of surface crack (such as initiation stage, stable growth stage, instability/rapid growth stage). It thus achieved full coverage tracking measurement of surface crack initiation and the growth process of steel structures. However, there are still limitations in their application to corrosion environments.
[image: Figure 18]FIGURE 18 | Measuring the surface crack of cross-welded joint using the ACPD method (Chaudhuri et al., 2019).
In addition, eddy current testing, AC/DC magnetic flux leakage testing, and alternating current field measurement (ACFM) are also suitable for surface crack detection. ACFM is based on the principle of electromagnetic induction and can be applied in both conventional and corrosion environments. It has the advantages of non-contact detection and has no need to clean corrosion products and coatings on the surface of the structure. It shows good prospects for application in the surface crack detection of marine steel structures. As shown in Figure 19, when a special coil (excitation coil) with AC is close to the tested specimen (conductor), the AC will generate an alternating magnetic field in the surrounding space, and the induced current in the specimen will accumulate on the surface due to skin effect. The induced current lines are parallel when there is no crack in the specimen. If there is a crack, its resistivity will change and affect the current distribution. The current line will be deflected near the crack, thereby distorting the magnetic field on the specimen surface. The crack size can then be revealed by detecting the change in magnetic field strength.
[image: Figure 19]FIGURE 19 | Principle of ACFM (Jia et al., 2021).
Jia et al. (2021) proposed an array-based ACFM detection system that can be used for underwater structural crack detection and developed hardware, software and a detection prototype correspondingly. The underwater detection test in the laboratory and on the No. 3 drilling platform of the China National Offshore Oil Corporation (CNOOC) validate that this detection system had good real-time performance and stability; the recognition ability of complex cracks/defects reached 10 mm. Li et al. (2023) combined the advantages of AC magnetic flux leakage testing and ACFM on their respective sensitivity to transverse and longitudinal cracks and proposed a detection method for steel plate surface crack depth based on balanced electromagnetic technology to realize the quantitative detection of transverse and longitudinal crack depth on steel plate surface. Zhao et al. (2022) studied the influence of ACFM detection probe lifting on magnetic field response signal, improved and developed a ACFM calculation model insensitive to probe lifting, and established a detection system for testing. The results showed that the influence of the probe lifting distance on the surface crack depth and length were greatly improved by using the improved model and detection system.
Although ACFM has become one of the most advantageous underwater structure detection technologies due to its non-contact detection and sensitivity to cracks, it is found in practical application that ACFM exhibits good detection only on cracks with a single direction and simple shape, while it is difficult to detect complex cracks, such as oblique, bifurcation, dense, and star cracks. These problems need further study.
The crack measurement methods mentioned above and their advantages and disadvantages are summarized and compared in Table 1.
TABLE 1 | Comparison of crack measurement methods.
[image: Table 1]4.5 At-sea monitoring of corrosion fatigue damage
Currently, the issue of aging marine engineering equipment is severe, and there are many marine platforms that have exceeded their service life but are still in use, posing significant structural safety risks (Li, 2022). Corrosion fatigue damage is the primary form of damage faced by in-service marine steel structures, and it is of great significance to analyze and assess them using at-sea monitoring methods. As shown in Figure 20, the monitoring system for marine platforms can include sub-systems such as marine environmental monitoring, platform motion monitoring, and structure and mooring system monitoring (Zhu et al., 2022).
[image: Figure 20]FIGURE 20 | Integrated monitoring system for marine platform (Zhu et al., 2022). (A) Frame diagram. (B) Sensor layout.
A summary of the main structural damage monitoring techniques is presented in Table 2. Feng (2021) proposed a damage diagnostic method that combines curvature and strain modes based on the modal analysis method in the global damage detection approach, which can locate and quantitatively estimate circumferential through-cracks in structures. Ge (2020) used a single-sided notched specimen as an example and proposed a method for the real-time monitoring of structural fatigue damage by using piezoelectric ceramic fiber sensors to determine the stress intensity factor during fatigue crack growth. In recent years, the application of fiber optic grating sensors for the at-sea monitoring of marine steel structures has been rapidly developed. Li (2022) designed a crack monitoring sensor with good linearity and stability based on the encapsulation principle of fiber optic grating sensors and conducted practical measurements on an aging jacket platform.
TABLE 2 | Technique for structural damage monitoring.
[image: Table 2]Techniques have emerged in recent years for the at-sea detection of local structural damage. For example, crack/defect detection based on ACFM has many advantages, such as insensitivity to lift-off, non-contact detection, and quantitative measurement (Yuan et al., 2020) (Figure 21). This detection system can be carried out by underwater robots to quantitatively detect cracks/defects in underwater steel structures. Additionally, the flooded member detection (FMD) technique is a unique underwater detection method for structural damage, suitable for detecting through-crack or other defects that allow water to infiltrate the component’s interior.
[image: Figure 21]FIGURE 21 | ACFM detection system and application scenarios (Yuan et al., 2020).
Although local damage detection methods can accurately identify structural damage, they cannot provide real-time monitoring of the structural damage condition. Additionally, despite extensive research on marine structural damage monitoring systems, there are still limitations in their application to in-service marine platforms and other at-sea scenarios. In general, the following issues require further research: 1) errors in monitoring signal identification caused by service environment and testing conditions; 2) nonlinearity of materials and structures during service, leading to monitoring errors; 3) incomplete structural mode monitoring, including incomplete degrees of freedom and mode orders, affecting structural damage analysis; 4) due to the incompleteness of the aforementioned modes, the monitoring system must rely on low-order mode information of the structure for damage assessment, which is challenging to obtain for marine platform structures.
5 CORROSION FATIGUE LIFE ASSESSMENT FOR MARINE STRUCTURES IN THE WHOLE LIFE PERIOD
Marine structures in service suffer from the combined action of corrosion damage and fatigue damage. As service life increases, the fatigue resistance of the structure decreases and the risk of structural failure rises. A proportion of currently operational marine platforms have entered the stage of exceeding their design service life, and fatigue damage such as cracks have been discovered in some platforms. Therefore, paying attention to the corrosion fatigue of marine structures in the whole life period is of great engineering and practical significance for evaluating and analyzing the safety, remaining life, and extension margin benefits of these structures.
Nowadays, the methods used for evaluating fatigue life in marine platform structures mainly include fatigue damage assessment based on linear cumulative damage theory and SN curves, and crack growth assessment based on fracture mechanics theory.
Many scholars have conducted extensive research on the pure fatigue (non-corrosion fatigue) of various marine platform structures based on these two assessment methods. Xu S. X. et al. (2023) provided a distribution formula for the bending curvature along the intersection line between the brace and chord of a tubular joint with a crack in the jacket platform based on the net section failure criterion. They evaluated the crack growth in the tubular joints of a jacket platform in the South China Sea by using the assessment procedure and failure assessment diagram (FAD) issued by the British Standards Institution BS7910, thereby verifying the accuracy of the bending curvature distribution formula for fatigue crack assessment in tubular joints. Yin and Yi (2022) established an engineering critical assessment (ECA) method for crack growth assessment in marine platform structures based on the Paris formula and FAD. They conducted a crack growth assessment using a critical structure of a semi-submersible platform as an example. Sang et al. (2020) focused on the OC4 semi-submersible floating wind turbine foundation and calculated the fatigue damage in seven critical locations of the structure under the combined action of wind and waves based on the linear cumulative damage theory and SN curves. Similar research can be found in Tao (2020), Zhao (2018), Saadian and Taheri (2018), Zhang (2018), and He et al. (2022).
Clearly, to only consider the fatigue damage caused by fatigue loads cannot accurately reflect the fatigue life of platform structures during service. However, due to the complexity of corrosion fatigue in marine platforms (coupling of complex service environments and random wave loads), there is currently little research on the corrosion fatigue of platform structures in the whole life period. Yu (2013) established a corrosion model for marine engineering structural steel that considers the influence of mechanical factors based on corrosion kinetics theory, which was used to modify the finite element model of marine platform structures at different service times. The fatigue life of platform structures was evaluated based on the linear cumulative damage theory and the SN curve in corrosion environments. Tran Nguyen et al. (2013) modified the section modulus of ship structures by using the corrosion model obtained from at-sea corrosion tests and calculated the fatigue damage of ship structures based on the linear cumulative damage theory. Wang J. C. et al. (2023) developed a frequency domain fatigue analysis model for a jacket platform and analyzed the influence of different SN curves and corrosion models on the structure fatigue life based on the linear cumulative damage theory. However, in fatigue assessment, the effect of corrosion is only considered by reducing the plate thickness of structures.
Kim (2021) obtained the corrosion rates of plate thickness at different corrosion times based on the corrosion model of marine platform structure materials in the immersion zone. The effective stress range and stress intensity factor range of the structure after thickness corrosion deduction were calculated using the Müller and Newman–Raju equations, respectively. Then, the crack growth life of the structure under various corrosion times was predicted using the Paris formula. Zhao et al. (2019) studied the crack growth characteristics of the intersection between the columns and braces of a semi-submersible platform under the action of random wave loads. Crack growth was investigated under the condition of original plate thickness and plate thickness corrosion deduction after 20 years of service based on the Paris formula and FAD. The results showed that fatigue crack growth life decreased approximately 30% under the condition of plate thickness deduction, while the critical parameters of the crack, such as critical crack depth/width, critical fracture ratio, and critical stress ratio, did not change significantly.
Similar to the above studies, Kim (2021) and Zhao et al. (2019) only considered the influence of corrosion on fatigue crack growth based on the method of thickness corrosion deduction. In fact, when considering the impact of corrosion damage on the fatigue life of platform structures, in addition to considering thickness corrosion deduction, the degradation of material properties should also be given great attention. Yang et al. (2020) evaluated and predicted the corrosion fatigue life of tubular joints in a jacket platform based on the linear cumulative damage theory and the SN curves in a corrosion environment. The evaluation considered the plate thickness reduction and material property degradation caused by corrosion during the platform’s service period and adjusted the finite element model of the structure based on the remaining plate thickness and real-time mechanical performance parameters at different corrosion times. The results showed that both plate thickness reduction and material property degradation would shorten the structure’s fatigue life, and the fatigue life of certain tubular joints in the splash zone would be reduced 50%–60%.
In summary, the current research on corrosion fatigue for marine structures in the whole-life period is not yet sufficiently deep. There are still several issues that need further research:
(1) The accuracy of corrosion fatigue damage assessment based on linear cumulative damage theory relies on the selection of SN curves in the corrosion environment. However, the SN curve parameters provided by various standards or research differ significantly, and there is no unified SN curve available for assessing the corrosion fatigue damage of marine structures.
(2) Similarly, when conducting corrosion fatigue crack growth assessment based on fracture mechanics, the crack growth parameters in the generalized Paris formula need to be determined experimentally and exhibit strong material–environment dependency. Currently, there is no unified and mature set of crack growth parameters available for assessment.
(3) In the existing corrosion fatigue assessment methods, corrosion and fatigue are still considered separately, and the mutual interaction between the two has not been adequately considered.
(4) The theoretical and experimental research on the corrosion fatigue of material specimens/structural components mentioned earlier still faces unresolved challenges, making it difficult to popularize and apply the research findings to the corrosion fatigue assessment of marine structures in their whole life period.
6 CONCLUSION AND RECOMMENDATIONS
To date, there has been much experimental and theoretical research on the corrosion fatigue of marine structures and materials. Some theoretical models and methods for predicting the corrosion fatigue life of metallic materials or structures have been proposed and applied successively. Load–environment interaction/coupling testing on the metallic material specimens has been maturely developed and widely applied. In addition, some newly-developed corrosion fatigue theoretical and experimental methods, based on data-driven/machine learning and at-sea monitoring, have been preliminarily applied. However, current corrosion fatigue life prediction theoretical models and methods still involve a significant amount of simplification and assumptions. The model parameters are also complex, making it difficult to popularize and apply the research findings to corrosion fatigue assessment for marine structures in the whole life period. Quantifying the acceleration of fatigue damage caused by corrosive environments and understanding the synergistic relationship between them still remains an unresolved technical challenge. Moreover, although newly developing methods based on data-driven/machine learning have been introduced in corrosion fatigue assessment, the scientific problem between corrosion and fatigue has essentially not been resolved.
In terms of corrosion fatigue testing, current tests are mainly aimed at the material or small standard specimen, and there are currently few tests designed for the structural member. It is very difficult to monitor/detect the stress, strain, and fatigue crack initiation and growth of steel structures in harsh test environments such as high temperature/high humidity/high salt spray environments and sea water environments. Expanding the model test at-sea, accurately monitoring structural fatigue damage characteristics (such as crack size, structural mode, and structural stress and strain) in the marine environment, and establishing corresponding fatigue life prediction methods are still challenges requiring further study.
In conclusion, the future developments and suggestions related to corrosion fatigue in marine structures are:
(1) Dynamic corrosion damage factors and corresponding dynamic evaluation mechanisms should be introduced into the corrosion fatigue life prediction theoretical models, as well as quantifying the synergistic/coupling relationship between corrosion and fatigue and establishing a corrosion fatigue life prediction model that is more in line with the actual situation and is easy to popularize.
(2) Establishing physics-informed data-driven prediction models and methods by introducing physical laws into machine learning based on current data-driven prediction models.
(3) Breaking through the limitation of test conditions and developing load-environment coupling testing for large-scale structural members; studying the representation and testing methods on the stress, strain, and fatigue crack initiation and growth of steel structures in the harsh test environments; enhancing the simulation and acceleration ratio of indoor corrosion testing; developing corrosion rate in-situ measurement of large-scale structural members.
(4) Device, sensor, and signal processing methods which can accurately monitor structural fatigue damage characteristics should be further developed and studied, thereby improving the reliability of at-sea monitoring data and fatigue life assessment.
(5) Corrosion fatigue assessment methods for marine structures in the whole life period that effectively consider the coupling effect of corrosion and fatigue also need further development.
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Monitoring techniques Pros and cons

Stress and strain monitoring

Model analysis based on vibration

Electromechanical impedance
method

Acoustic emission technique

Lamb wave technique

Piezoelectric ceramic fiber sensor
technique

Pros: Measurement is relatively simple
and feasible

Cons: Difficult to establish a
relationship between stress/strain and
structural damage characteristics.
Requires a significant amount of
experimentation as reference for
comparison with tested structure

Pros: Can establish a relationship
between modal changes and
structural damage characteristics,
with great potential for application

Cons: Modal measurements greatly
influenced by loads and boundary
conditions. Assessing structural
damage relies on a large amount of
reference data. Difficult to predict
development state of structural
damage and cracks

Pros: Sensitive to small damages and
can be applied for early damage
detection. Measured response data
can be directly used to characterize
structural damage

Cons: Measurements influenced by
environmental factors. Evaluation of
structural damage relies on large
amount of reference data

Pros: High monitoring sensitivity and
can be applied for early detection of
cracks. If sensors are properly
arranged, it can achieve overall
‘monitoring of the structure

Cons: Measurements are greatly
influenced by external environmental
factors, especially noise. Difficult to
establish relationship between
acoustic emission signals and
structural damage characteristic
values

Pros: Monitoring results are accurate;
dispersion characteristics are easy to
control

Cons: Interpretation of signals is
overly complex. Crack closure can
affect monitoring results and reduce
accuracy

Pros: High sensitivity and high
frequency response. Good
directionality and suitable in complex
and changing environments

Cons: Has thermoelectric properties
that can interfere with measurement
of mechanical quantities
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Metho

Methods

Principle

ds Principle

Pros

Direct-reading (off-position/In-situ) | Directly measuring/ Simple, intuitive,
reading using optical low cost, no
microscope, etc. calibration

Compliance method Relationship between dimensionless | Simple operation,
(BFS, CTOD, unloading compliance high level of
compliance method, etc.) and normalized crack length automation

Cons

High labor intensity
and cannot detect
automatically

Higher requirement
for measurement
accuracy and
sensitivity

Range of application

Used in conventional environment;
not suitable for high-temperature and
corrosive environment

Measuring the crack length of
standard specimen but not suitable for
complex specimen. Can be used in
corrosion environment

Range of application

(@]
Methods

Optical method
(DIC technology,
holography,
speckle
photography)

Magnetic flux
leakage testing

ACEM

Principle

Ultrasonic | Ultrasonic wave speed is Fast, convenient, and simple to | Difficult to measure the crack |~ Used for defect detection of
‘method different in crack and specimen | use ‘quantitatively. Coupling sensor | simple specimens in
is required conventional environment
Magnetic | Changes in magnetic field High sensitivity and portable | Need to demagnetize after Limited to ferromagnetic
particle caused by cracks equipment detection; crack depth cannot | materials and not suitable for
. inspection be measured corrosion environment
Inspection
method
Infiltration | Shows crack image using the Wide range of applicable Crack depth cannot be Usually suitable for dry
‘method capillary phenomenon ‘materials, equipment is simple | measured; need to clean pieces | environment
before and after detection
Eddy Crack affects electromagnetic | Economic, simple, no ‘Workpiece surface quality Limited to conductor
current induced eddy current coupling, and automatic greatly influences detection ‘materials, can be used in
method result corrosive environment
ACPD High precision, automatic ‘The device and calibration are
detection complicated, with high Limited to conductor material;
technical difficulty can be used in corrosion
environment (but difficult to
Direct ‘The device and calibration are | Low precision and is not apply in underwater
Current simple and automatic detection | suitable for shape of complex | environment); can be used for
— Potential | Conversion relationship structure measuring the crack length
method Drop between potential drop and and depth
(DCPD) current flow distance
Fracture High precision, sensitivity, and | Fracture piece consumptionis | Both conductor and
piece automatic detection fast and high cost non-conductor materials
‘method Can be used for measuring
crack length and depth in
corrosion environment

Detecting crack growth using
optical images

Real-time, intuitive,
high-precision, non-contact
detection; not limited to shape
and material of specimen

Surface defect produces leakage
magnetic field after specimen is
‘magnetized. Change of leakage
‘magnetic field can reflect defect
size

High reliability; automatic
detection; quantifiable defect size

Non-contact detection; sensitive
to crack

Principle of electromagnetic
induction; crack size can be
reflected by magneic field
strength

Expensive equipment, complex
operation and calibration

Not suitable for specimen with
complex shape; cannot detect
narrow crack, deep crack, and
closed crack

Just used for detecting cracks with
single direction and simple shape;
difficult to detect complex cracks

Range of application

Mainly applied to structures with
obvious cracks, such as concrete;
not suitable for detecting the
surface crack depth of steel
structures

Limited to ferromagnetic
‘materials and not suitable for
corrosion environment

Limited to conductor materials;
can be used in corrosion
environment; can be used for
‘measuring crack length and depth
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