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Abstract

:

The damage monitoring and identification of arch bridges provide an important means to ensure the safe operation of arch bridges. At present, many methods have been developed, and the applicability and effectiveness of these methods depend on the damage type, structural configuration and available data. To guide the practical application of these methods, a systematic review is implemented in this paper. Specifically, the damage monitoring and identification methods of arch bridges are divided into the damage monitoring of local diseases and damage identification of overall performance. Firstly, the research on the damage monitoring of the local diseases of arch bridges is reviewed. According to the disease type, it is divided into four categories, including suspender inspection, void monitoring, stress detection and corrosion detection. For each disease, this paper analyzes the principles, advantages and shortcomings of various methods. Then, the damage identification methods of the overall performance of arch bridges are reviewed, including masonry arch bridges, steel arch bridges, reinforced concrete arch bridges and concrete-filled steel tubular arch bridges. And the commonly used damage indexes of damage identification methods are summarized. This review aims to help researchers and practitioners in implementing existing damage detection methods effectively and developing more reliable and practical methods for arch bridges in the future.
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1. Introduction


Arch bridges have been widely used in transportation infrastructure construction because of their large structural stiffness, affordability and strong adaptability in mountainous areas. However, under the coupling effect of an external complex environment and internal material degradation, arch bridges inevitably face the risk of performance degradation [1,2,3,4], resulting in different degrees of damage to the structure. These damages will reduce the bearing capacity and service life of the arch bridge and even endanger the safety of the bridge. An unpredicted structural failure can be catastrophic not only in terms of life and economic losses but also in terms of the subsequent societal impacts [5]. Therefore, monitoring and identifying the damage state of the arch bridge in a timely manner can improve the structural safety and reduce the later maintenance cost, which is of great significance for ensuring the normal operation of the arch bridge and prolonging its service life.



Structural damage identification methods can be divided into two categories: local damage identification and overall damage identification [5]. The local damage monitoring method uses advanced sensors, non-destructive testing and other means to directly diagnose the local damage status of the structure. By contrast, the overall damage identification method uses data mining of structural response information to indirectly extract the characterization index of the structural damage status [6,7,8,9,10,11,12]. As a large and complex civil structure, arch bridges have many key components, and the damage monitoring and identification methods of arch bridges are complicated. In order to make research on the damage identification of arch bridges more systematic, this paper makes a clear classification of the existing methods, which is more practical and comprehensive. Considering the specific structural characteristics of a bridge, the existing methods are classified and then reviewed. Specifically, the damage monitoring and identification methods of arch bridges are divided into two categories: damage monitoring methods for local diseases of arch bridges and damage identification methods for the overall performance of arch bridges. The former mainly focuses on the detailed detection of a certain part or a component of the arch bridge structure, such as suspenders, arch rings, joints, etc., to find out whether there are local diseases such as corrosion, cracks and fractures; the latter mainly analyzes the overall response of the arch bridge structure, such as frequency, mode, stiffness, etc., to determine whether there is a global damage such as overall performance degradation or structural deformation.



Section 2 summarizes the damage monitoring for local diseases of arch bridges, including suspender inspection, void monitoring, stress detection and corrosion detection. In Section 3, the damage identification of the overall performance of arch bridges is described in detail. According to the development history of an arch bridge and the different construction materials used, it is divided into the following four types: masonry arch bridge, steel arch bridge, reinforced concrete (RC) arch bridge and concrete-filled steel tube (CFST) arch bridge.




2. Damage Monitoring for Local Diseases of Arch Bridge


The damage monitoring of local diseases for arch bridges is mainly realized by physical means, such as the ultrasonic method, magnetic memory method, thermal imaging method, etc. Considering the key bearing member, common disease problems and important safety performance indicators of various types of arch bridges, this paper divides the damage monitoring of local diseases into the following four categories: suspender inspection, void monitoring, stress detection and corrosion detection. Different structural objects and different diseases have their own detection methods. The following summarizes these methods, clarifies their detection principles, compares their advantages and shortcomings, and concludes the development status of each method.



2.1. Suspender Inspection


Among many types of arch bridges, a tied arch bridge is a special bridge type that combines the advantages of arch and beam. It supports the bridge deck load by the cables suspended at the top of the main arch, thereby reducing the span and height of the main arch and making the bridge light, economical and aesthetic [13]. The cable is the key bearing member of this kind of bridge to transmit the dead load and live load. It is composed of internal stress steel wires, an anchorage system and an external protection system (high-density polyethylene (HDPE) material sheath) (as shown in Figure 1). However, subjected to the bridge dead load, vehicles, wind and temperature, the protection system of the cable is prone to damage, which makes the internal steel wire of the cable rust or even break, seriously affecting the safety of the whole bridge [14]. In addition, because the cable is high above the ground, and the outer surface of the cable is wrapped by the HDPE protective sleeve, the damage of the cable is concealed and difficult to detect and prevent. The detection of the cable has attracted extensive attention from researchers [15,16,17]. With the development of non-destructive techniques, a variety of innovative detection methods based on acoustics, magnetism, electricity and machine vision have emerged in the detection of arch bridge cables.



Acoustic emission testing (AET), as a long-developed non-destructive technique, has been widely used in the detection of suspenders. Its principle is to judge whether there are cracks or fractures inside the suspenders by analyzing the characteristics of acoustic signals. To reduce the influence of the environment on the detection effect, Zhu et al. [18] clarified the influence of the stress state of the suspender, the position of the measuring point, and the HDPE sheath on the AET effect and used AET to accurately determine the location of the suspender fracture. On this basis, Djeddi et al. [19] used AET to monitor the cracking process of the cable under the stress–corrosion coupling state, which filled the gap of acoustic emission in the suspender corrosion detection field. Some researchers also used AET for damage detection inside the suspender anchor head [20]. Sun et al. [21] determined the location and generation time of fatigue cracks in the steel wire inside the anchor head by analyzing the variation law of fatigue crack acoustic signals. The detection principle can be found in Figure 2. In addition, Kharrat and Gaillet [22] innovatively combined the acoustic emission principle with ultrasonic technology to realize the detection and classification of different damage degrees of anchor head.



Magnetostrictive guided wave technology is a high sensitivity method for detecting broken wires of suspenders. The principle is that when the magnetic field induction coil generates an alternating magnetic field, a specific reflection signal will be generated at the damage of the suspender based on the magnetostrictive effect, which is converted into the information of the internal defects or damage of the suspender by signal processing technology (as shown in Figure 3). In the case of a broken wire in the suspender, Xu et al. [23] provided a method combining low-frequency wave detection and high-frequency wave detection, which can simultaneously determine the broken wire defects at different locations. In order to quantify the length of the broken wire, Chen et al. [24] studied the attenuation characteristics of the low-frequency longitudinal guided wave generated by the magnetostrictive sensor in the cable theoretically and experimentally and proposed an energy-based model, which can predict the energy attenuation well. Zhang et al. [25] designed a ring permanent-magnet-biased magnetostrictive longitudinal guided wave transducer, which improved the energy conversion efficiency of large-diameter bridge cable and promoted the practical engineering application of magnetostrictive guided wave technology.



Because the arch bridge suspender uses steel, which is a magnetic material, as the base material, magnetic flux leakage detection technology has also been widely used in suspender damage detection. When there are corrosion, cracks and broken wires in the suspender, the magnetic field probe (usually the Hall element) will detect the magnetic flux leakage signal on the surface of the suspender. By analyzing these magnetic flux leakage signals, the damage location and size inside the suspender can be determined (as shown in Figure 4).



At present, scholars have determined the fracture location of the steel wire inside the cable using magnetic flux leakage detection technology. However, quantifying the damage length has always been a research focus, along with the difficulty of magnetic flux leakage detection. Zhang and Xin [27] proposed an analysis model to quantify the influence of defect length, studied the influence of defect length for a magnetic flux leakage signal and verified the correctness of the model during experiments. Ni et al. [28] explored the influence of the suspender cross-section loss rate on the magnetic signal and the proposed defect length coefficient to correct the magnetic flux signal and improved the quantitative identification accuracy of the corrosion damage. To promote the practical engineering application of magnetic flux leakage detection technology, Xu et al. [29] developed the suspender climbing detection robot. The magnetic flux leakage detection system was used to detect the state of the suspender, and the filtering algorithm was used to reduce the interference signal of the environment.



The above method needs to magnetize the suspender via a strong magnetic field. The magnetization process requires heavy magnetization equipment (as shown in Figure 5), and the detection process is relatively complex [30]. Based on the principle of magnetic flux leakage detection technology, some scholars combine metal magnetic memory technology instead of artificial magnetic field excitation and analyze the magnetic flux leakage signal of suspender damage under the action of a geomagnetic field. This method has the advantages of simple operation, low cost and high efficiency [31]. In terms of suspender fracture damage detection, Qu et al. [32] proposed a cable circumferential broken wire damage detection method based on spontaneous magnetic flux leakage, which made up for the deficiency of the circumferential detection corrosion method along the suspender. In terms of suspender corrosion detection, Xia et al. [33] proposed a probabilistic evaluation method of the suspender corrosion degree based on a Bayesian model and proposed the evaluation standard of the suspender corrosion degree based on metal magnetic memory technology for the first time. In order to explore the influence of suspender stress on this method, Xia et al. [34] carried out corrosion detection on steel strand samples under different stress states and proposed a dimensionless index, X, for the quantitative detection of corrosion.



In recent years, piezoelectric sensors have received extensive attention from researchers due to their high sensitivity and long service life. Their principle is that the piezoelectric effect of crystals (such as quartz, strontium titanate, etc.) can be used to measure the strain of the suspender, and the anchoring efficiency of the suspender can be inferred via the relationship between stress and strain. As shown in Figure 6, Nguyen et al. [35] used the impedance-based damage estimation model to quantify the damage of the anchorage zone. The feasibility of the method was verified by the cable model experiment in the laboratory. Zhang et al. [36] monitored the loosening state of the wedge anchorage system based on the time reversal data of the sensor and proposed a method for detecting the anchoring efficiency of the suspender by using the patch piezoelectric sensor. This detection technique is the only method retrieved in this paper that can monitor the anchorage efficiency of the anchorage system.



With the continuous development of machine vision technology, scholars have begun to use machine vision technology to detect the damage of an HDPE sheath on the surface of the suspender. This method first uses the camera or other image acquisition equipment to obtain the image or video of the suspender and then preprocesses the collected image, including image denoising, image enhancement, edge detection and other operations, to improve the quality and clarity of the image. Finally, the machine learning algorithm is used to classify and identify the damage features, thereby realizing the automatic damage detection of the HDPE sheath. Under the influence of wind or rain flow, the suspension cables of the arch bridge may suffer from vibrations. To reduce these vibrations, the surface of the suspension cables is equipped with an HDPE protective sheath designed with indentations or protruding axials. However, this design interferes with the effectiveness of machine vision inspection. To realize image acquisition, Ho et al. [37] developed a cable-climbing detection robot. The image enhancement technology was combined with the principal component analysis (PCA) algorithm to improve the overall quality of the image collected by the robot. The length of the damage crack and the aging damage was determined by the Mahalanobis square distance (as shown in Figure 7). Hou et al. [38] proposed a transfer learning method based on the cascaded mask region-based convolutional neural network (RCNN) model for the automatic detection of surface defects of suspenders and compared it with other algorithms via field tests. It is found that this method improves the detection accuracy. Due to the different view of each camera, a single image may only collect a part of the entire defect. In order to solve this problem, Li et al. [39] proposed an efficient scale invariant feature transform (SIFT) algorithm, which realized the multi-image stitching of partially overlapping regions in different defect images and provided ideas for the all-round detection of suspenders.



For the damage of an arch bridge, such as the cracking or aging of a suspender HDPE sheath, steel wire corrosion, steel wire crack or fracture, and anchorage efficiency decline, this paper summarizes the advantages, shortcomings and application scope of various detection methods, as shown in Table 1.




2.2. Void Monitoring


The cooperative work of a steel tube and concrete is the key to ensure the bearing capacity of a CFST arch bridge [40,41]. Due to the load, temperature stress, creep shrinkage and construction stage bubble aggregation, among other reasons, the CFST arch bridge often suffers void disease. At present, many nondestructive means have been used in the void detection of a CFST, such as the ultrasonic method [42], impact–echo method [43], optical fiber sensor method [44,45] and infrared thermal imaging method [46].



Ultrasonic detection detects interface changes by detecting echo signals to achieve void detection. Researchers use the velocity of ultrasonic waves in different media to evaluate the defects of a CFST [47,48]. For example, Dong et al. [49] studied the motion path of ultrasonic waves in a CFST with void disease. Callejas et al. [50] showed that broadband ultrasound attenuation (BUA) has a linear relationship with the percentage of air in a CFST via experimental research. The void in a CFST can be detected effectively via BUA. Liu et al. [51] proposed an ultrasonic detection method for voids in CFSTs by combining travel time tomography (TTT) and inversion time migration (RTM) technology. This method can image the size and shape of voids in CFSTs with high resolution. Liu et al. [52] proposed an ultrasonic array imaging method based on full-matrix capture (FMC), which can semi-quantitatively characterize the voids of CFSTs. Liu et al. [52] used this method to detect the void in a CFST and verified the test results by core drilling method. The results show that the method has good detection accuracy and can adequately locate the void in a CFST. Although the ultrasonic method has been widely used in engineering to detect the void of CFST, the method still has the shortcomings of limited penetration and the influence of concrete aggregate on the detection results [53]. In addition, ultrasonic testing requires scanning the entire structure, which takes a long time, and, especially for large CFST arch bridge structures, the detection time will be longer.



The impact–echo method was first proposed by Sansalone and Carino of Cornell University in the United States [54]. This method uses the propagation and reflection of high-frequency sound waves generated by tapping the surface of the measured object in the concrete structure to detect defects. The waveform and spectrum of the impact elastic wave are analyzed to determine the location, size and boundary of the defect [55,56]. In recent years, due to the rapid development of machine learning, many scholars have used machine learning to optimize the impact–echo method [57,58]. Chen et al. [59] carried out the void detection test on a CFST based on the impact–echo method. The power spectral density (PSD) of the void area and the non-void area was extracted, and its features were used as the database of the support vector machine (SVM) model. The detection accuracy of the void detection model obtained by machine learning can reach 94.17%. The impact-echo method can well characterize the depth and shape of the void. However, the impact-echo detection is mainly affected by the impact error of the impact hammer and the installation error of the sensor. In actual use, it is difficult for the operator to accurately control the angle and amplitude of the impact. It is usually accompanied by a double hit in the impact process, resulting in a decrease in detection accuracy [60]. At the same time, the detection efficiency of the impact–echo method is very low, and it is required to detect the area to be measured point by point. For the CFST arch bridge, it is difficult to detect the whole arch rib.



The distributed optical fiber sensor has been widely used in civil engineering in recent years [61]. It uses the optical fiber itself as a sensor to continuously monitor the optical fiber along the length direction. The principle is to receive and analyze the scattered light by the optical time-domain reflectometer (OTDR) to obtain its attenuation waveform to determine the range, location and value of the void and crack [44,45]. Ding [44] obtained the semi-empirical formula of loss by a regression analysis of experimental data. At the same time, based on the force-light constitutive model, Ding [44] proposed a quantitative algorithm for the void–crack of a CFST and applied it in the Wuxia Yangtze River Bridge. Gong et al. [62] proposed a distributed optical fiber detection method with active heating function based on Brillouin reflection and clarified the relationship between the void depth and the equivalent heat absorption coefficient (EHAC). This method quantitatively detects the void by monitoring the surface temperature of a CFST. The optical fiber sensor has good accuracy and can accurately monitor the amount of void. However, the optical fiber material itself is low in strength and expensive. In practical engineering, it is necessary to embed the optical fiber sensor in the concrete structure, which greatly improves the requirements for construction technology and reduces the service life of the sensor.



The application of infrared thermal imaging technology in civil engineering has been developed for a long time. Because of its lack of contact and high efficiency, it has been widely studied in structural non-destructive testing. When there is a void in the CFST, the thermal conductivity of the air in the void area is quite different from that in the non-void area, so there is a certain temperature difference between the two areas. Because the steel tube has good thermal conductivity, the void can be detected by the temperature difference of the outer surface of the CFST. Wang et al. [63] used the characteristics of the high thermal efficiency of a rubber heating belt to wrap and heat CFST specimens. The results showed that the heating method could effectively detect small defects with a thickness of 5 mm. Guo and Yan [64] used eddy current thermal excitation method to explore the influencing factors of the internal hole detection of a CFST and established the multiple regression relationship between defect size, thickness of steel tube, heating time, heating power and heating rate. Jiang and Chen [65] used pulse heat source to heat the specimen, and the temperature difference between the surface of the specimen above the defect and other areas appeared via heat conduction. Due to the large pulse energy, the signal-to-noise ratio of the obtained heat map was improved. Because the detection results of the infrared thermal imaging method are finally presented as infrared thermal imaging images, many scholars have used image processing algorithms to improve the detection accuracy in recent years. Zhang et al. [66] used contrast limited adaptive histogram equalization (CLAHE) algorithm to solve the problem of gray loss and image patch in traditional algorithm, effectively reducing the excessive distortion of local area contrast and regional noise interference and making the image of the defect area and the non-defect area clearer and more complete after processing. Zheng and Tan [67] combined the time domain fitting with the CLAHE algorithm to enhance the image and processed the edge image of the internal defects of the concrete in detail so that the recognition effect of the defects was improved. The infrared thermal imaging method has the advantages of non-contact detection, large-area detection and rapid detection. However, the infrared thermal imaging method also has certain shortcomings. The existing numerical simulation [65] has demonstrated that the void monitoring of CFSTs using the thermal imaging method is influenced by various factors, including the geometric dimensions of defects and the thickness of the steel tubes. Thicker steel tubes lead to a more uniform surface temperature distribution, making void monitoring challenging in large-scale CFSTs. Furthermore, the surrounding environment also influences the surface temperature field of CFSTs, which in turn affects the monitoring process. Moreover, this testing approach requires specialized heat equipment and involves a complex testing system [68].



Different detection methods have their own advantages and shortcomings in practical engineering applications. Therefore, the detection principles, advantages and shortcomings of the above methods are sorted out in Table 2.




2.3. Stress Detection


The bearing capacity of an arch bridge structure has always been a hot issue in engineering and academia. Both reinforced concrete structures and steel structures are important bearing components, and their stress state is an important index to measure the safety performance of an arch bridge [69]. At present, the detection methods of steel structure stress are mainly divided into the destructive detection method and the non-destructive detection method [70].



Destructive detection mainly refers to the stress release method. The principle is to partially destroy the area to be measured to release the stress in the area [71]. The strain of the region before and after the stress release is different due to the elastic deformation, so the stress magnitude and distribution of the region can be obtained by measuring the strain.



The hole-drilling method is a relatively mature stress detection method, which is widely used in engineering [72]. When using the drilling method to measure stress, it is necessary to paste the strain flowers at the position to be measured first. When the stress has been released, the strain gauge can measure the strain generated at the position, and the stress in the area to be measured is obtained by using the correlation formula. Ju et al. [73] measured the residual stress distribution on the surface of 304 stainless steel via the drilling method, and the measurement results were consistent with the finite element simulation results. The stress was the smallest in the middle and gradually increased to both sides in both vertical and horizontal directions. Bobzin et al. [74] measured the residual stress distribution along the depth direction of the aluminum-based coating of the steel structure by the drilling method and found that the heat treatment had a relaxation effect on the residual stress level of the coating. Mohamed et al. [75] measured the residual stress of stainless steel coatings with different thicknesses by the drilling method. It was found that the residual stress of the coating at all thicknesses was tensile stress, and the bonding layer did not seem to affect the stress field. The advantage of drilling method is that the technology is mature, and the principle and operation are simple, but its measurement accuracy is easily affected by external test conditions, such as strain gauge sticking manners, drilling depth and so on, which will have a great impact on the accuracy of the measurement results [76].



The basic principle of the ring core method is to fully release the residual stress by machining an annular groove on the surface of the rotor. By pasting a strain gauge on the surface of the rotor, the electrical signal is converted into a strain value by the instrument, and finally, the stress size and direction are calculated [77,78]. In the experimental test research, Li and Ren [79] used the ring core method to detect the micro-indentation residual stress on the surface of steel structure specimens and combined it with ISSR technology to realize the distribution identification of residual stress. Hu et al. [80] used the ring core method combined with the three-dimensional digital image method to detect the residual stress on the surface of the steel plate, and the results were in good agreement with the theoretical model. Dang et al. [81] used the ring core method to evaluate the residual stress state of the double-layer film and obtained a feasible semi-destructive method.



The grooving method is an improvement based on the ring core method. The purpose is to facilitate cutting, and the release of stress is generated by cutting a linear or square groove on the material. The grooving method is easy to operate in practical engineering, causes less damage to the steel structure and is suitable for low-level stress measurement [82]. In the experimental test, Zhu et al. [83] studied the high temperature release law of residual stress on the surface of alloy materials by using the grooving method combined with an FIB-EB double-beam system. Shomali et al. [84] used the grooving method to test the shear performance of reinforced RC beams and carried out numerical analysis to verify the accuracy of the method. Yan et al. [85] carried out the grooving method for reinforced concrete specimens and analyzed the effects of different initial stresses, grooving methods and grooving depths on stress release efficiency. The detection principles, advantages and shortcomings of the above methods are sorted out in Table 3.



Nondestructive testing has the advantages of not destroying structural integrity and being able to measure the same position multiple times to reduce measurement errors [86]. At present, the commonly used non-destructive testing methods for the stress state of key structures of arch bridges mainly include the resistance strain gauge method, X-ray diffraction method, magnetic measurement method and ultrasonic method.



The resistance strain gauge method is to paste the resistance strain gauge on the surface of the measured component. The sensitive gate of the strain gauge will change the resistance of the strain gauge due to the small deformation of the surface after the component is stressed [87,88]. According to the resistance strain effect, the strain at the strain gauge can be obtained, and then according to the elastic relationship between stress and strain, the purpose of obtaining the stress value of the component can be achieved. This method is common in test and measurement work. Kovačič et al. [89] verified the accurate characteristics of this method for bridge load test and measurement via signal processing examples measured by strain gauges, induction sensors and total stations. Turan et al. [90] used strain gauge to detect the residual stress at the groove on the surface of steel and effectively analyzed different types of stress. Ma et al. [91] proposed a displacement estimation technique based on a finite impulse response filter by using a resistance strain gauge and realized the accurate monitoring for the structural state of long-span bridges by integrating strain and acceleration measurements. The advantage of the resistance strain gauge method is that the measurement accuracy and sensitivity are high, and the stability in the measurement process is good. However, only the strain of a point on the surface of the component in a single direction can be measured, and the stress distribution cannot be reflected.



The basic principle of the X-ray diffraction method is that the lattice strain of the material caused by the stress is consistent with the macroscopic strain obtained by the elastic theory [92]. X-rays are incident on the metal surface under stress, and the lattice strain is calculated according to the Bragg diffraction equation, and the stress can be further calculated [93]. Monin et al. [94] measured the residual stress distribution of the welded joint by X-ray diffraction method and compared it with the residual stress state obtained by finite element analysis. Epp et al. [95] measured the radial residual stress intensity and distribution inside the steel hole extrusion strengthening parts using the X-ray method and analyzed the phase change characteristics of the crystal structure. Based on the inherent mean value of stress provided by X-ray diffraction, Morin et al. [96] inverted the linear system constructed by the average data set, developed a spatial deconvolution technique to reconstruct the local stress field and obtained the spatial distribution of stress. The X-ray diffraction method has high measurement accuracy and accurate measurement results, but it has high requirements for the surface finish of the component, and the detection equipment is expensive and complicated. In addition, the penetration depth of X-rays can only reach tens of microns, and the stress inside the structure cannot be measured. Crucially, the X-ray diffraction method may be harmful to human health, and specialized protective equipment and inspection techniques are required.



The basic principle of the weak magnetic detection method is to determine the magnitude of the stress by the coupling relationship between the stress of the magnetic material and the change in its internal magnetic properties [97]. According to the magnetic properties of ferromagnetic materials in arch bridge structures, the internal stress state is speculated by collecting and analyzing the variation characteristics of the surface magnetic field of ferromagnetic materials, only relying on the excitation of the geomagnetic field [98]. This method was first proposed by Russian scholar Dubov et al. [99]. In recent years, the research on the detection of steel bar stress state in bridge engineering has gradually increased. Huang et al. [100] and Chen et al. [101] carried out the axial tensile test of Q235 steel and explored the relationship between the magnetic signal and the steel fatigue load and the feasibility of magnetic flux leakage detection to predict structural damage. Tong et al. [102,103] measured the magnetic field data of HRB400 steel bar at different stress stages and obtained the coupling effect of elastic load and plastic deformation on magnetic memory signal. Zhang et al. [104] carried out the tensile–tensile fatigue test on a defective steel plate. It was found that the weak magnetic field strength can accurately detect the fatigue area and component life, and the results showed high detection sensitivity. At the same time, the results showed that there are many factors affecting the detection of weak magnetic field signals, such as the initial residual state of the material, the external magnetic field and the ambient temperature [105,106,107,108]. Therefore, the quantitative evaluation of the self-stress state of ferromagnetic components needs to be further studied.



The detection principle of the ultrasonic method is based on the acoustic elasticity theory; i.e., the change in stress state in elastic components will cause the change in ultrasonic propagation velocity [109]. In the stress detection of a steel structure of an arch bridge, the application of the ultrasonic method is very extensive. The commonly used ultrasonic types include transverse waves, longitudinal waves, LCR waves, surface waves, etc. According to the different detection objects, the appropriate ultrasonic type and method can be selected for detection. Pilarski and Rose [110] effectively detected the surface defects of steel joints according to the characteristics of ultrasonic transverse waves. Chaki et al. [111] used the interaction of longitudinal waves and transverse waves to effectively detect the tightening degree of bolts under the internal stress of a steel structure, and the reliability reached 95%. Liu et al. [112] optimized the existing LCR wave detection method and developed a new surface coupling agent, which improved the accuracy of LCR waves for steel stress measurement. Eremeyev et al. [113] used surface wave detection technology to detect and analyze the flatness and stress state of a steel tube cylindrical surface. The detection principles, advantages and shortcomings of the above methods are sorted out in Table 4.




2.4. Corrosion Detection


The durability of reinforced concrete is a difficult problem faced by the whole world. Steel corrosion, chemical erosion, concrete carbonization, freeze–thaw damage, alkali aggregate reaction and so on will cause insufficient structural durability, but the main reason for accelerating concrete damage is steel corrosion [114,115]. The corrosion of steel bars reduces the cross-sectional area and the strength of steel bars and leads to cracks on the surface of concrete [116], which leads to the deterioration of the structural performance of arch bridges and reduces the structural bearing capacity of arch bridges. At present, there are three main non-destructive testing methods for steel corrosion, which are the analytical method, electrochemical method and physical method [117,118,119].



The analytical method is to detect the degree of concrete cracks, the thickness of the protective layer, the type of steel bar, the initial chloride ion content and the carbonization degree of the concrete structure [120]; collect a large amount of information; and analyze the information. Finally, the mathematical model of steel bar corrosion is established to achieve the purpose of predicting the degree of steel bar corrosion. The crack backstepping method after concrete cracking is the main method of analysis. Since the corrosion rate of steel bars in reinforced concrete exceeds a critical corrosion rate, it will lead to cracking on the surface of concrete. Therefore, the degree of corrosion of internal steel bars is inversely deduced by the information of crack width after concrete corrosion expansion and cracking. Alonso et al. [121] carried out the corrosion test of reinforced concrete and analyzed the cracking law of the concrete protective layer under various water–cement ratios and thickness–diameter ratios. Liang and Wang [122] analyzed the thick-walled cylinder corrosion model and verified the model’s prediction of the cracking time of the concrete cover using the measured data.



The process of concrete cover cracking caused by steel bar corrosion is quite complicated. The research on the process of concrete corrosion damage at home and abroad is mainly focused on the pre-cracking. Based on experimental research and theoretical analysis, the calculation formula of the corrosion rate of a steel bar section during cracking is given directly or indirectly. The development process of rust expansion and its influencing factors are simulated and analyzed by the nonlinear finite element method, but the relationship between the width of a rust expansion crack and the corrosion rate of a steel bar is rarely given. Using the rapid corrosion test, the calculation formula of the corrosion rate of the steel bar section based on the width of the corrosion expansion crack is given directly or indirectly. Throughout some of the existing research results, the Table 5 lists several theoretical calculation models for the loss rate of steel corrosion W loss and crack width w after concrete surface cracking.



The corrosion of steel bars in concrete is an electrochemical process, so the electrochemical detection method can be used as a powerful means to reflect the degree of corrosion of steel bars [130]. The half-cell potential (HCP) method is the most widely used detection method in the electrochemical method. When the steel bar is corroded in the concrete, the primary battery is formed; that is, the anode area and the cathode area are formed on the surface of the steel bar. Between these regions, a micro-current will be generated inside the concrete, and the electrical activity of the steel bar and the concrete can be considered as a half-weak battery pack, where the steel bar acts as an electrode, and the concrete acts as an electrolyte [131]. The measurement method is to connect the steel bar to one end of the potentiometer, while the other end is connected with a reference electrode. The reference electrode moves on the surface of the concrete, and the relative potential difference between the steel bar electrode and the reference electrode in different regions is measured. As shown in Figure 8, the equipotential line on the surface of the concrete is drawn, and the equipotential zone is determined. The most negative part is the corrosion zone. The evaluation criteria of steel corrosion are as follows: when the potential is larger than −200 mV, the probability of no corrosion is greater than 90%; when the potential is −200 mV~−350 mV, the degree of corrosion is uncertain; when the potential is less than −350 mV, the probability of corrosion is larger than 90%. In previous research, Amiri et al. [132] used the HCP method to monitor the bridge deck corrosion of reinforced concrete bridges, and the method showed good accuracy and effectiveness. Adriman et al. [133] diagnosed the area and size of steel corrosion in reinforced concrete by combining the field data and simulation calculation of semi-unit potential measurement, and the accuracy rate reached 95.65%. Almashakbeh et al. [134] used the HCP method to investigate the effect of corrosion grade on the flexural capacity of reinforced concrete members and found a positive correlation between the measured value of semi-element potential and the flexural capacity of RC beams. And the flow chart of steel corrosion detection by half-cell potential method is shown in Figure 9.



Physical method tests are related to physical characterizations, including changes in electromagnetic, thermal, acoustic, and electrical resistance. And the changes are caused by steel corrosion [135]. The magnetic memory nondestructive testing method belongs to the magnetic field measurement method in the physical method, which is the research hotspot at the present stage. Under the combined action of a working load and the Earth’s magnetic field, the ferromagnetic components of an arch bridge structure will undergo directional and irreversible reorientation of the magnetic domain structure with magnetostrictive properties in the corrosion concentration area and stress concentration area, resulting in the formation of a leakage magnetic field on the surface of the material [97]. By detecting the distribution of the leakage magnetic field on the surface of the ferromagnetic component, it can not only accurately judge the macroscopic defects that have been formed in the component but also detect the microscopic defects by other non-destructive testing methods such as ultrasound and eddy current. It can indicate the stress concentration position of the hidden defects and has the ability of early rapid warning [136]. The corrosion of steel bars in reinforced concrete is a prominent problem in the disease of arch bridges. Scholars have conducted a great amount of research on solving the problem of determining the corrosion area and corrosion degree of steel bars. Zhou et al. [137,138] first carried out the magnetic memory signal detection test of steel corrosion in the reinforced concrete of a bridge structure. It was found that the tangential magnetic induction intensity in the steel corrosion area had a large magnetic anomaly, and the magnetic flux leakage intensity curves of different lift-off heights had intersection points in the corrosion area, which provided a strong magnetic memory criterion for the detection of steel corrosion width. Xia et al. [139,140] optimized the magnetic dipole model, explored the change characteristics of the magnetic memory signal under the conditions of corrosion and wire breaking in an arch bridge suspender structure, and established the relationship between corrosion degree and magnetic memory signal. Su et al. [141,142] explored the mechanical properties of steel bars and steel plates under different degrees of corrosion and used magnetic memory testing to effectively analyze the influence of the corrosion of steel specimens on service life. The magnetic field distribution in the corrosion area of steel plate can be found in Figure 10.





3. Damage Identification for the Overall Performance of Arch Bridge


In addition to physical means (such as the ultrasonic method, magnetic memory method, etc.), the health monitoring system has also been widely used in the damage identification of arch bridges. Differently from the damage diagnosis method of arch bridges based on local detection data (such as acoustic wave, magnetic signal, etc.), the overall damage identification method is mainly based on the structural vibration response obtained from the monitoring system [143,144]. The characteristic indexes of structural damage are defined by means of modal analysis or mathematical statistics. The damage occurrence, damage location or quantitative damage degree of the structure can be identified via the change in damage index. According to different development histories and construction materials, arch bridges can be divided into the following four types: masonry arch bridge, steel arch bridge, RC arch bridge and CFST arch bridge. In order to show the differences between damage identification methods caused by different structural characteristics comprehensively, the damage identification methods of a masonry arch bridge, a steel arch bridge and an RC arch bridge have been reviewed in the existing literature [145]. On this basis, this paper analyzes the relevant literature on the damage identification of arch bridges in the past five years, and the introduction of the damage identification method of a CFST arch bridge is added. The characteristics of damage identification methods for different types of arch bridges are summarized to show the latest progress on arch bridge damage identification methods more comprehensively and systematically.



3.1. Masonry Arch Bridge Damage Identification Method


The masonry arch bridge has a long history because the materials used are mostly stone. The early structural forms are mainly circular arc and filled spandrel arch bridges, and the span is short. Stone arch bridges, including Zhaozhou Bridge, have become precious cultural heritage sites. However, due to the long-term erosion of the natural environment, a large number of structural diseases have occurred in masonry arch bridges, and the structural performance degradation is serious. In order to better maintain and retain such cultural heritage, scholars have tried various methods, and they carry out research on the damage identification of masonry arch bridges. Some scholars use the structural response data obtained by traditional sensing methods to realize damage identification by means of modal analysis or finite element model correction [146]. For example, Serra et al. [147] simulated the foundation displacement of a 1: 2 scale masonry arch bridge model in the laboratory and obtained the acceleration along the structure generated by hitting the bridge wall with a hammer. The coda wave interferometry was used to detect the change in the elastic properties of the medium. Furthermore, the evolution of the structural damage mechanism was analyzed. Emre [148] focused on the scale model of a single-span historical masonry arch bridge in the laboratory and used the enhanced frequency domain decomposition (EFDD) technology to identify the operating mode of the bridge. The ANSYS finite element of the structure was modified via response surface methodology to realize the approximate identification of the damage location. Civera et al. [149] proposed a fast relaxation vector fitting (FRVF) method for the fast, effective and reliable identification of structural systems based on vibration. The results show that this method can match other mature SI technologies well, such as the Eigensystem Realization Algorithm (ERA), and can be used for damage assessment. On this basis, they combined machine learning and operational modal analysis to propose a novel automatic OMA multi-stage clustering algorithm and applied it to the damage detection and damage degree assessment of masonry arch bridges [150]. Conde et al. [151] obtained the most probable distribution of the finite element model parameters by using a Bayesian method and the Markov chain Monte Carlo (MCMC) method based on the comparison between the finite element calculation results and the actual measured geometric data so as to reproduce the existing damage mode with the highest accuracy using the numerical model. The results showed that the proposed method could reasonably infer the original geometric structure of the bridge and the possible damage loading scene so as to obtain the crack mode, which was almost the same as the current damage state. Borlenghi et al. [152] analyzed the damage and operation mode of a long-standing masonry arch bridge, Olla bridge, via visual inspection and a field test, and modified the finite element model of the structure based on the measured data. Alexakis et al. [153] used acoustic emission sensors to study the deterioration of masonry structures under gradually increasing cyclic loading. The results showed that the acoustic emission results had a significant correlation trend with different damage stages. Based on this, a real-time warning system for early structural damage can be developed.



Other scholars use advanced measurement methods to obtain the key geometric parameters of masonry arch bridges in service and realize structure damage identification by modifying the finite element model. For example, Pepi et al. [154] combined advanced measurement procedures, such as close-range photogrammetry based on drones and environmental vibration testing, to propose a finite element model correction method for severely damaged historical masonry structures and to guide the structure damage assessment. Batar et al. [155] used terrestrial laser scanning (TLS) technology to determine the geometric shape of the bridge with high precision. Based on the obtained point cloud data, a three-dimensional CAD-based structural solid model was established. The CDP material model was used to describe the inelastic behavior of the homogeneous structure, and then the structural behavior was analyzed with high precision and reliability. Deng et al. [156] proposed an automatic identification method for the arch axis of a stone arch bridge based on 3D laser scanning and applied it to Lugou Bridge with a history of 800 years. The results show that the relative deformation of the upstream and downstream arch rings of the bridge and the relative deviation of the arch rise and span of the belly arches at symmetrical positions are significant.



In addition, relevant scholars have paid attention to the identification and evaluation of seismic damage of arch bridges. For example, Jara et al. [157] established a numerical model based on the disease data of bridges. By revealing the failure mechanism of different types of structural members, the effects of epicentral distance and seismic fault on the seismic vulnerability of bridges were evaluated. By performing a series of environmental vibration tests, the dynamic characteristics of five existing historical bridges were determined, which could be used to construct the vulnerability curve and determine the numerical model of bridge seismic vulnerability. In order to investigate the seismic performance of damaged masonry arch bridges, Kaya et al. [158] simulated different damage states using a shaking table test. Then, based on the environmental vibration test, the structural modal parameters under undamaged and damaged conditions were obtained. The experimental results were in good agreement with the numerical simulation results, which provided a reference for the damage assessment of masonry arch bridges after earthquakes. Considering the uncertainty of material properties and seismic input, Gönen et al. [159,160] used a 3D finite element model for probabilistic nonlinear analysis, combined with a Monte Carlo simulation and first-order reliability method (FORM), to propose a probabilistic evaluation method for the seismic performance of masonry arch bridges.




3.2. Damage Identification Method of Steel Arch Bridge


The steel arch bridge is sensitive to the stiffness change caused by damage, which will lead to changes in structural modal characteristics. Therefore, most of the damage identification methods of steel arch bridges are based on structural modal characteristics. Due to the certain impact of environmental factors on the modal characteristics of structures, the existing literature has studied variations in the modal characteristics of steel arch bridges under environmental influences, aiming to further improve the accuracy of damage identification by eliminating the impact of environmental factors. For example, Mu et al. [161] used Bayesian network to model the relationship between the long-term monitoring data (temperature, humidity, wind speed and traffic volume) and the modal frequency of Xinguang Bridge (a 782 m steel arch bridge). The results showed that the selected network structure adequately captured the relationship between modal frequency and multiple environmental factors. Anastasopoulos et al. [162,163] used fiber Bragg grating strain sensors to continuously monitor a steel arch bridge for two years, automatically identifying the fundamental frequency and vibration modes of the structure from the measured strain time history. The results showed that the temperature had a great influence on the fundamental frequency but only had a slight effect on some high-order modes. In addition, the finite element simulation confirmed that the local damage had a significant effect on the modal characteristics of the structure. Considering the bearing characteristics and spatial temperature distribution, Zhu et al. [164] discussed the relationship between the temperature change and temperature response of a long-span steel truss arch bridge with spherical bearing by using elastic beam theory and verified it using field monitoring data. The results showed that this relationship was determined by the structural parameters, especially the section characteristics and bearing characteristics of the bridge. Based on this, the criterion of bridge state identification could be established. Combined with correlation analysis, numerical simulation and neural network technology, Teng et al. [165] studied the mechanism of the influence of temperature on the structural frequency. The results showed that the modal frequency of the arch was mainly affected by the change in elastic modulus. Sunca et al. [166] used EFDD and the stochastic subspace identification method to identify the modal parameters of an Eynel steel arch bridge in the frequency domain and time domain, respectively. The results showed that the change in natural frequency was very limited, and there was no change between the vibration modes, which was in line with the actual situation of the bridge.



Some scholars have identified the occurrence of structural damage based on changes in the natural frequency, vibration modes or modal damping of steel arch bridges. For example, Chiaia et al. [167] used modal analysis technology and a data-driven stochastic subspace identification algorithm to extract the dynamic characteristics of the structure, including natural frequency, damping ratio and vibration modes, and then identify the damage of the structure. Dammika et al. [168] believed that structural damage would lead to changes in structural stiffness and damping characteristics, thereby changing the natural frequency, vibration mode and modal damping ratio of the structure. The energy-based damping model was introduced to estimate the damping parameters such as the equivalent loss factor of the structural members of the steel arch bridge, and the modal damping ratio of the bridge was analyzed by using the damping parameters. The results show that the method could identify the damping source of the steel bridge and its contribution to the modal damping ratio. Tran and Ozer [169] identified modal parameters based on the information matrix system implementation method. Then, the damage of the structure was identified from the stable modal poles collected from the stability diagram via the anomaly detection algorithm based on Gaussian distribution. Whelan et al. [170] monitored the environmental vibration of a tied arch bridge using a wireless sensor network and then estimated its modal parameters. In the parallel computing cluster, the integer-constrained genetic algorithm was used to optimize the objective function globally to update the cross-scale finite element model so as to evaluate the damage state of the structure.



Furthermore, some scholars define the damage sensitivity index to characterize the damage location or degree of the structure according to the structural modal parameters so as to realize the damage location and damage degree quantification of the steel arch bridge. For example, Jayasundara et al. [171] used the dual-criteria method based on modal flexibility and modal flexibility change to identify and locate the damage of steel arch bridges. The results showed that under certain damage conditions, the damage of arch ribs and longitudinal columns can be detected and located accurately via only a small number of early vibration modes. On this basis, Jayasundara et al. [172,173] proposed a vibration-based damage location and quantification method for arch bridge ribs. Based on the change of damage mode of frequency response functions (FRFs), the location and severity of structural damage are predicted by artificial neural networks (ANNs). Based on the nonlinear and non-stationary dynamic response of bridges, Delgadillo et al. [174] used Hilbert–Huang transform and instantaneous phase difference to construct damage sensitive features. Furthermore, the damage under traffic transient vibration was detected, located and quantified. The artificial damage of a real steel arch bridge was identified. The results showed that the proposed method had good robustness and sensitivity. Based on the seismic acceleration response signal, Kordestani et al. [175] calculated the energy level according to the Arias strength and normalized it to locate the damaged suspender. Using the three-dimensional numerical simulation of the tied arch bridge under 16 different ground motions, the effectiveness of the method was verified.




3.3. Damage Identification Method of RC Arch Bridge


Similarly to the damage identification method of a steel arch bridge, the damage identification method of an RC arch bridge is mostly based on the modal parameters of the structure. For example, Magalhães and Cunha [176] proposed three effective output-only modal identification algorithms. By processing the test data of a concrete arch bridge with a span of 280 m, the steps of these identification procedures were clarified. At the same time, the operational modal analysis under the background of structural health monitoring was introduced. Furthermore, based on the environmental excitation response of an RC arch bridge, Magalhães et al. [177] used the automatic operation modal analysis algorithm to identify the modal parameters of the bridge online. By reducing the influence of environmental and operational factors on the natural frequency of the bridge. The evolution law of the modal characteristics of the bridge over time in the past two years is obtained, and the damage identification is carried out by using the control chart. The results showed that the proposed method could detect the real damage scene related to the frequency shift of about 0.2%. Ren et al. [178,179] proposed a new damage feature of a vibration system by using the system matrix based on covariance-driven stochastic subspace identification. In order to reduce the influence of modeling error, noise and environmental changes on the response of the measurement structure. The statistical pattern recognition paradigm was added to this method. By defining the damage index based on statistics, the Mahalanobis and Euclidean distance judgment functions of the damage feature vector were used. And the method was verified by the reinforced concrete beam tested in the laboratory and the full-scale arch bridge tested in the field. Based on multivariate statistical techniques, Comanducci et al. [180] processed the monitoring data of arch bridges and defined damage-sensitive features under changing environments and operating conditions. It was applied to the time history of the modal frequency of the bridge, and the control chart was used to evaluate its ability to reveal structural damage of varying severity. Ferrari et al. [181] identified the structural modal characteristics based on the collected experimental vibration data. Combined with Latin hypercube sampling, a self-fulfilling global optimization method for model updating was proposed. It had been successfully applied to a century-old reinforced concrete parabolic arch bridge with historical significance. Based on the Fourier amplitude spectrum (FAS) of acceleration response, Duan et al. [182] used a CNN to identify the damage of suspenders of tied arch bridges. The results showed that the CNN had good robustness under various observation noise levels and wind speeds.



In addition, scholars have also explored some novel damage identification methods for RC arch bridges, including data-driven methods and methods based on radar interferometry. For example, Zhou et al. [183] proposed a damage identification method for RC arch bridges based on monitoring data. The acceleration data were preprocessed by a Kalman filter and an autoregressive moving average (ARMA) model. The damage index was constructed, and the identification accuracy was further improved by the generalized autoregressive conditional heteroscedasticity (GARCH) model. Qin et al. [184] used a modern differential interferometric synthetic aperture radar (DInSAR) to improve the reliability of PT identification, thermal expansion separation and the structural risk assessment of arch bridges. Taking Rainbow Bridge and Lupu Bridge as examples, the effectiveness of the method was verified. And the experimental results were verified by horizontal benchmark verification, cross-sensor comparison and structural reliability evaluation.




3.4. Damage Identification Method of CFST Arch Bridge


The damage identification method of a CFST arch is different from that of other types of arch bridges. Due to the particularity of CFST arch bridge structure and material, its damage identification is mainly based on static means. For example, Wang et al. [185] established the relationship between the static deflection change of the suspender and the cable force. Based on the static deflection difference, the damage identification index of the suspender was proposed. The numerical simulation and experimental results show that the method can accurately locate the damage location and give the relative damage degree. Li et al. [186] combined monitoring data and detection data to modify the finite element model from the component and global, respectively. Thus, several common defects of a CFST arch bridge were investigated and updated. Fu and Jiang [187] proposed a new intelligent damage detection data fusion system by combining a probabilistic neural network (PNN), data fusion technology and correlation fractal dimension (CFD). Single and multiple damage modes were identified by the numerical simulation of a two-span CFST arch bridge. The results showed that the hybrid data fusion system had good damage identification performance, anti-noise ability and robustness. Gui et al. [188] analyzed the ultimate bearing capacity modeling, limit threshold setting and limit state prediction of concrete-filled steel tubular members. A system maintenance decision model was proposed, which combined the relative monitoring state, the relative final state of numerical analysis and the relative residual life of degraded components. The results showed that these technologies had great potential for the life cycle performance evaluation of the existing concrete bridge structure health monitoring system.



In addition, scholars have also made some explorations on the damage identification methods of CFST arch bridges using modal characteristics. For example, Yan and Ren [189] took the idea that the power spectral density transmittance (PSDT) was independent of the external excitation and the transmitted output of the system poles. It was proposed to extract the working modal parameters of the structure based on PSDT, which was verified and analyzed by a half-arch bridge of CFST. The recognition results were compared with those of the peak picking method, random subspace identification and finite element analysis. The results showed that the working modal parameters identified by this method were in good agreement with other methods and had the potential to be applied to structural damage identification. Xiong et al. [190] used the global navigation satellite real-time kinematics system to monitor the vibration response of long-span CFST arch bridges under environmental excitation. The structural modal parameters were calculated by fast Fourier transform and a random decrement technique.



Based on the above study, the damage indexes of damage identification for the overall performance are summarized in Table 6.





4. Conclusions


This paper reviews the research progress of damage monitoring and identification methods for arch bridges, including damage monitoring for local diseases of arch bridges and damage identification for the overall performance of arch bridges. The main conclusions are as follows:



(1) In the monitoring of local disease damage, the principles of various methods and their advantages and shortcomings are summarized. According to the different damage parts, the different damage types (cracks or aging, corrosion, fractures or cracks, and anchorage efficiency decrease) and the commonly used methods (the machine vision method, magnetic flux leakage detection method, acoustic emission method, magneto strictive guided wave detection method, and piezoelectric sensor method) are summarized from three aspects of an HDPE sheath, the internal steel wire of the cable body and the anchorage system. At present, there are four commonly used methods for void monitoring: the ultrasonic method, impact–echo method, optical fiber sensor method and infrared thermal imaging method. The stress detection of the main bearing components of the arch bridge is divided into two categories: destructive detection and non-destructive testing. The destructive detection mainly includes the drilling method, ring core method and segmentation grooving method. The non-destructive testing mainly includes the resistance strain gauge method, X-ray diffraction method, weak magnetic detection method and ultrasonic method. There are three main non-destructive testing methods for steel corrosion detection, i.e., the analysis method, electrochemical method and physical method (electromagnetic method, heat conduction method, acoustic emission method and resistance method). In the Introduction and summary, it is found that non-destructive testing is the research focus of the local disease damage monitoring of arch bridges. Among them, the physical method can include most of the detection methods, and the other methods can be divided into machine vision methods and sensor methods.



(2) In the damage identification of the overall performance, the modal-based damage identification is still the main research direction. In addition to the static damage identification of the CFST arch bridge, the other three bridge types are mainly based on modal-based damage identification. In the masonry arch bridge, the traditional sensing method and the advanced measurement method are taken into account. In addition to the modal analysis, the finite element model correction method is also introduced to identify the damage. At the same time, the identification and evaluation of seismic damage have also attracted the attention of scholars. Most of the research on steel arch bridges is based on modal characteristics. In order to achieve high-accuracy identification, the variation law of the modal characteristics of steel arch bridges under environmental influence is studied to eliminate the influence of environmental factors. The damage sensitivity index is also proposed to realize the damage location and damage degree quantification of steel arch bridges. In addition to the modal research of RC arch bridges, scholars have also explored some novel methods, including data-driven methods and methods based on radar interferometry. Although CFST arch bridges are mainly based on static means, scholars have also made some explorations on the modal-based damage identification method.



(3) It can be found that the applicability and effectiveness of different available techniques depend on the damage type, structural configuration and available data. However, a universal method that can identify all damage types of different structures remains to be developed. In addition, although some achievements have been made in damage monitoring and identification, it is still necessary to develop more accurate and reliable damage identification methods to realize the effective combination of local disease damage monitoring and overall performance damage identification. In particular, the research on the damage location method of the overall performance is imminent. Once the two-step strategy of “overall structural damage location” and “local disease damage monitoring” is realized, the efficiency of damage identification will be greatly improved, and the structure can also be accurately and timely repaired and maintained, thereby prolonging the service life of the structure.
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Figure 1. Cable structure diagram of tied arch bridge. 
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Figure 2. The principle of acoustic emission and the principle of ultrasonic technology to detect the damage of anchorage zone [21]. 
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Figure 3. Magnetostrictive guided wave detection of steel wire fracture principle diagram. 
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Figure 4. Principle of magnetic flux leakage detection technology [26]. 
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Figure 5. Suspender inspection robot based on magnetic flux leakage detection technology [30]. 
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Figure 6. Piezoelectric sensor arrangement method for detecting the anchoring efficiency of suspenders: (a) contact surface between the wedge and barrel; (b) contact surface between the steel strand and wedge; (c) contact surface between the steel strand and barrel [35,36]. 
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Figure 7. Climbing robot and the damage detection under three suspender surface types [37]. 
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Figure 8. Half-cell potential method to detect steel corrosion schematic diagram. 
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Figure 9. Flow chart of steel corrosion detection by half-cell potential method [134]. 
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Figure 10. Magnetic field distribution in the corrosion area of steel plate [142]. 
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Table 1. Advantages and shortcomings of various detection methods for arch bridge suspenders.
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Damaged Parts of Suspenders

	
Damage Type

	
Method

	
Advantages

	
Shortcomings

	
References






	
HDPE Sheath

	
Cracks or aging

	
Machine vision

	
The crack or aging damage of the HDPE sheath can be accurately located, and the length, width and area of the damage can be quantitatively measured.

	
In the early stage, a great amount of time is needed to train and debug the model. The detection effect is limited by the quality and quantity of the data set. It is impossible to judge whether the crack has penetrated into the internal steel wire.

	
[37,38,39]




	
Internal steel wire of cable

	
Corrosion

	
Magnetic flux

leakage testing

	
The quantitative measurement of the corrosion state can be realized.

	
The detection sensitivity of initial corrosion is poor.

	
[33,34]




	
Fracture or crack

	
Acoustic emission technique

	
It has high sensitivity and high precision for the detection of steel wire fracture or crack position inside the suspender.

	
Due to the influence of the HDPE sheath, suspender length and the external HDPE sheath, the quantitative measurement of fracture length and fracture number cannot be realized, and the large area corrosion damage cannot be detected.

	
[18,19]




	
Magnetostrictive guided wave detection technology

	
The testing equipment is portable and can quantitatively detect the fracture length of the internal steel wire.

	
The test results are affected by the length of the suspender.

	
[23,24,25]




	
Magnetic flux leakage testing

	
The accurate positioning of steel wire fracture position and the quantitative measurement of fracture length and fracture number can be realized.

	
Affected by the environmental magnetic field, it is not sensitive to closed cracks.

	
[27,28,29,32]




	
Anchorage system

	
Anchoring efficiency decreased

	
Piezoelectric

transducer

	
The detection cost is low. This is the only method that can monitor the anchorage efficiency of the anchorage system found in this paper.

	
Some sensors need to be moisture-proof, the output signal is weak, and sensors need to be deployed during the bridge construction period. There is no practical application yet.

	
[35,36]
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Table 2. Advantages and shortcomings of various methods.
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	Methods
	Detection Principles
	Advantages
	Shortcomings





	Ultrasonic method
	The difference in propagation velocity of ultrasonic wave in different media is used for detection.
	The equipment is simple, and the detection cost is low.
	Contact point-by-point measurement has slow detection speed. The penetration of ultrasonic wave is limited and easily affected by factors such as aggregate size.



	Impact–echo method
	The spectrum analysis of the P wave generated by hammering is performed to determine whether there is a void in the detection area.
	The detection accuracy is high, and the depth and shape of the void can be well characterized.
	Using contact point-by-point measurement, the detection speed is slow. It is difficult for operators to accurately control the angle and amplitude of the impact, resulting in errors.



	Optical fiber sensor method
	The scattered light is received and analyzed to obtain the attenuation waveform to determine the value, location and range of the void and crack.
	The fiber optic sensor has good accuracy and can accurately monitor the degree of voids
	The optical fiber sensor is expensive and needs to be embedded in concrete. The sensor is fragile, and the durability is poor.



	Infrared thermography
	The temperature field of the void area is different from the temperature field of the non-void area to distinguish the void.
	Using non-contact remote detection, the detection range is large, and the detection speed is fast.
	Only the surface void can be detected, and the detection accuracy is not high due to the limitation of weather and excitation mode.










[image: Table] 





Table 3. Comparison of destructive detection methods.
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Detect Methods

	
Advantages

	
Shortcomings

	
Detection Principles






	
Hole-drilling method

	
The technology is mature, and the principle and operation are simple.

	
The measurement accuracy is easily affected by many external factors.

	
Correlation between stress and strain




	
Ring core method

	
The accuracy and sensitivity of measurement are higher than those of the drilling method.

	
The operation is complex, and the processing process easily affects the material and stress.




	
Grooving method

	
It is easy to operate and causes less damage to the steel structure.

	
The vibration of the cutting machine will disturb the strain test.
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Table 4. Comparison of nondestructive detection methods.
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	Nondestructive Means
	Advantages
	Shortcomings
	Detection Principles





	Resistance strain gauge method
	The measurement accuracy and sensitivity are high, and the stability of the measurement process is good.
	The strain gauge must be closely attached to the surface of the component, which cannot reflect the stress distribution.
	Resistance strain effects



	X-ray diffraction method
	The measurement precision is high, and the result is accurate.
	The surface finish of the component is required to be high, and the internal stress cannot be measured.
	Bragg diffraction equation



	Weak magnetic detection method
	Non-contact measurement can be realized, and the detection speed is fast.
	It is susceptible to external influences, and the measurement accuracy is poor.
	Magneto-mechanical coupled effect



	Ultrasonic method
	This method is fast, convenient and suitable for on-line detection.
	The transducer and coupling agent are needed, and the detection accuracy and spatial resolution are limited by the size of the transducer.
	Acoustoelastic effect
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Table 5. Theoretical calculation model of steel corrosion loss rate and crack width after concrete surface cracking.
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	Theoretical Model
	Computational Expressions
	Main Technical

Indexes





	Di model [123]
	    W  l o s s   r a t e   =       507 ⋅  e  0.007 c   ⋅  f  c u      − 0.09   ⋅  d  − 1.76           w ≤ 0.2   mm         332 ⋅  e  0.008 c   ⋅  f  c u      − 0.567   ⋅  d  1.108           0  . 2  ≤ w ≤ 0.4   mm           
	c: concrete cover depth

fcu: concrete strength

d: bar diameter

w: crack width



	Hui model [124]
	Class I round rebar at the corner:

   W  l o s s   r a t e   =   32.43 + 0.303  f  c u   + 0.65 c + 27.45 w   / d  

Threaded Class II rebar at the corner:

   W  l o s s   r a t e   =   34.486 w + 0.789  f  c u   − 1.763   / d  

Grade I round steel bars located at the stirrup position:

   W  l o s s   r a t e   =   276 w + 1.07  f  c u   + 59.45   / d  
	c: concrete cover depth

fcu: concrete strength

d: bar diameter

w: crack width



	Niu model [125]
	    W  l o s s   = 1.173 ⋅  P  R H   ⋅  D 0  ⋅   t −  t  c r       
	PRH: correction coefficient of environmental humidity

D0: oxygen diffusion coefficient



	Wang model [126]
	      W  l o s s   r a t e     = 4 [   0.2345 w + 0.0175   / d            −   0.2345 w + 0.0175  ) 2  /  d 2        
	d: bar diameter

w: crack width



	“Durability evaluation standard of concrete structure” GB/T51355-2019 [127]
	Corner round steel bar:

   W  l o s s   r a t e   =       0.07 w + 0.012 c / d + 0.00084  f  c u   + 0.08         w ≥ 0.33   mm         0.35 w + 0.012 c / d + 0.00084  f  c u   − 0.013       ( w < 0.33   mm )        

Angular deformed steel bar:

   W  l o s s   r a t e   =       0.086 w + 0.008 c / d + 0.00055  f  c u   + 0.015         w ≥ 0.10   mm         0.35 w + 0.008 c / d + 0.00055  f  c u   − 0.013       ( w < 0.10   mm )        
	c: concrete cover depth

fcu: concrete strength

d: bar diameter

w: crack width



	Mao model [128]
	    W  l o s s   r a t e   = 2.9598 w + 1.5647   
	w: crack width



	Andrade model [129]
	      W  l o s s   r a t e     = 4 [   0.222 w − 0.011   / d        −   0.222 w + 0.011  ) 2  /  d 2        
	d: bar diameter

w: crack width
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Table 6. Damage indexes of damage identification for the overall performance.
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	Damage Index
	Computational Expressions
	Main Parameter





	Modal flexibility damage index [171]
	   M F D  I  i j   =         ∑  i = 1  m    1   ω i 2     ϕ i   ϕ i T       D  −       ∑  i = 1  m    1   ω i 2     ϕ i   ϕ i T       H          ∑  i = 1  m    1   ω i 2     ϕ i   ϕ i T       H      
	m: the mode number

   ω i   : the natural frequency of the structure at mode i

   ϕ i   : ith mode shape vector

D: the damage conditions

H: the healthy conditions



	Modal strain energy damage index [172]
	    β  i j   =    k j     k j *    =       (   ϕ ″   i  *  )  2  +  ∑    (   ϕ ″   i  *  )  2         ∑    (   ϕ ″  i    )  2            (   ϕ ″  i    )  2  +  ∑    (   ϕ ″  i    )  2         ∑    (   ϕ ″   i  *  )  2          
	   β  i j    : Modal strain energy damage index for jth member at ith mode

   k j   : the bending stiffness of the beam

   ϕ i  ( x )  : the mode shape of ith modal vector



	Normalized arias intensity [175]
	       I A  =  π  2 g      ∫ 0 T    a 2  ( t ) dt           β i  =    I  A − I  N i         I  A − I N    ¯          N  I   A i    =    I  A − D  M i         I  A − D M    ¯    ×   100    β i    =    I  A − D  M i         I  A − D M    ¯    ×      I  A − I N    ¯     I  A − I  N i      × 100      
	   I A   : arias intensity

 T : duration of acceleration

 a : acceleration data

 β : normalizing factor

 i : the node counter

  N  I A   : normalized arias intensity

   I  A − I N    : arias intensity for intact condition

   I  A − D M    : arias intensity for damaged condition



	Statistics-based damage index [178]
	  N  I  i , γ  E  =     D ¯   i , T  E      D ¯   i , J  E      or   N  I  i , γ  M  =     D ¯   i , T  M      D ¯   i , J  M     
	    D ¯   i , T  E   : The mean value of Euclidean of the state to be evaluated

    D ¯   i , J  E   : The mean value of Euclidean of baseline state



	Deflection-based identification index [185]
	   D I = Δ w ( i + 2 ) − 2 Δ w ( i + 1 ) + 2 Δ w ( i − 1 ) − Δ w ( i − 2 )   
	  Δ w ( i + 2 )  ,   Δ w ( i + 1 )  ,   Δ w ( i − 1 )   and   Δ w ( i − 2 )   are the static deflection changes at nodes i + 2, i + 1, i − 1 and i − 2 before and after hanger damage, respectively



	Transmissibility-based damage index [191]
	   D I (  T  u d   ,  T d  ) =          T  u d       −      T d                 T  u d       +      T d            
	   T  u d    : transmissibility matrices from the slab response to the girder response in undamaged states

   T d   : transmissibility matrices from the slab response to the girder response in damaged states
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