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Abstract: Aiming at the structural safety problems caused by the coupling and randomness of factors such as the geometric characteristics, load status, service characteristics and failure mechanism of the in-service bridge structure in time and space, a real-time prediction method of fatigue life of bridge structure under digital twin is proposed. Based on the physical entity of the general bridge crane, the status information acquisition system is used to get the current service status information of the crane equipment, and the obtained current service status information is combined with inherent information and historical service information to construct a fuzzy information database, which is clearly quantified to form twin data; based on the characteristics of the equipment structure and the technology cycle process, the load, strength, defect and life analysis models are determined to form a multi-theoretical calculation model of the bridge structure through information transmission; using the informational data of the active service state, the multi-theoretical computational model is modified to obtain the main factors affecting the fatigue life, and fuzzy comprehensive evaluation theory is combined to determine the comprehensive influence factor; the Kriging proxy model is constructed through experimental design to obtain the response relationship between inherent and service information and the fatigue life of the bridge structure, and the whole life cycle process of the equipment is reflected by completing the real-time prediction of the fatigue life of the bridge structure in the virtual space. Taking the QD20/10t×43m×12m general bridge crane as an example, the feasibility and applicability of the proposed method are verified by comparison, which provides a strong theoretical basis for the safe service and timely scrapping of the crane.
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1 Introduction
Cranes are widely used in machinery and equipment manufacturing, transportation and logistics, water conservation and hydropower construction, nuclear construction, construction, shipbuilding and other pillar industries of the national economy. It plays an indispensable and important role in economic construction and is known as the "backbone" of industrial enterprises, which is one of the eight categories of special equipment [[endnoteRef:1]]. With the rapid development of cloud computing, big data, mobile Internet, Internet of Things, artificial intelligence and other technologies [[endnoteRef:2]], if it is possible to change the traditional special equipment regular inspection mode in the process of safety performance degradation, collect information through multiple channels, apply data information rationally, find abnormalities in time, predict the remaining life of the equipment, and evaluate the safety status of the equipment, it is of great significance to ensure the safety, reliability and economy of complex equipment operation. [1: [] Akhtulov A , Ivanova L , Kirasirov O , et al. Application of the Substructure Method to Assess the Vibration State of the Bridge Crane[M]// Proceedings of 14th International Conference on Electromechanics and Robotics “Zavalishin's Readings”. 2020.]  [2: [] Manogaran G , Chilamkurti N , Hsu C H . Special Issue on Advancements in Artificial Intelligence and Machine Learning Algorithms for Internet of Things, Cloud Computing and Big Data[J]. International Journal of Software Innovation, 2019, 7(2):5.] 

Digital twin technology makes full use of data such as physical models, sensor updates, operating history, and integrates multi-disciplinary, multi-physical, multi-scale, and multi-probability simulation processes to complete the mapping in the virtual space, thereby reflecting the whole life cycle process of the corresponding physical equipment [[endnoteRef:3]]. The digital twin was first proposed by the U.S. Department of Defense to be used for the health maintenance and protection of aerospace vehicles. The model of the real aircraft is established through digital space, and the sensors are used to achieve complete synchronization with the real state of the aircraft. After each flight, according to the current situation of the structure and past loads, timely analyzation and evaluation are on progress to check whether maintenance is needed and whether it can withstand the next mission load, etc. [[endnoteRef:4]-[endnoteRef:5]]. [3: [] Cinar Z M , Nuhu A A , Zeeshan Q , et al. Digital Twins for Industry 4.0: A Review[M]// Industrial Engineering in the Digital Disruption Era. 2020.]  [4: [] TAO Fei, LIU Weiran, LIU Jianhua, et al. Digital twin nd its potential application exploration[J]. Computer Integrated Manufacturing Systems, 2018, 24(1):4-21.]  [5: [] Liu Datong, Guo Kai, Wang Benkuan, et al. Overview and prospects of digital twin technology[J]. Chinese Journal of Scientific Instrument, 2018, 39(11):1-10..] 

In recent years, domestic and foreign experts and scholars have done a lot of research on digital twin technology. Among them, Zhuang Cunbo et al. [[endnoteRef:6]] systematically explained the basic connotation of product digital twins under digital twin technology related concepts, and established the framework of the product digital twin which provides the implementation path of the product digital twin in the product design phase, the manufacturing phase and the service phase, as well as the development trend of the product digital twin; Jones et al. [[endnoteRef:7]] proposed the characteristics of the digital twin, the identification of knowledge gaps and the need for future research; Glatt et al. [[endnoteRef:8]] described the modeling and implementation of an integrated system composed of a real material handling system and its digital twin based on the physical simulation of the logistics digital twin model, and combined with examples to demonstrates the advantages of the solutions implemented by the manufacturing system in the three digital twin functions of prediction, monitoring and diagnosis. NEGRI et al. [[endnoteRef:9]] introduced the definition of digital twin technology in the fields of aerospace, Industry 4.0 and intelligent manufacturing, and gave the role of digital twin technology in CPS-based industrial systems to provide researchers in the field of intelligent manufacturing an important reference; Liu Datong et al. [[endnoteRef:10]] summarized the basic concepts, application prospects, technical connotations and development trends of digital twin technology in the field of complex industrial systems and complex equipment, as well as existing preliminary research plans and phased results, and analyzed digital twins and their mutual support and mutual promotion of industrial big data, cloud computing, artificial intelligence, and virtual reality. Patrick et al. [[endnoteRef:11]-[endnoteRef:12]] used digital twin technology as the basis to establish a crack growth model from initiation to failure using multiple scales to form an indeterminate prediction of fatigue life. Based on this, Monte Carlo method and high-fidelity finite element model were used to generate the probability estimation of the crack state of the geometrically complex specimen throughout its life, thereby improving the prediction accuracy of fatigue life. The results show that the digital twin technology has an ability to accurately predict under the condition of uncertainty and is feasible in fatigue life prediction. Although various experts and scholars have introduced their own digital twin concept, little research has been done on the implementation of instantiated applications, and the digital twin's core technology for complex equipment is still unclear. Especially in the field of complex equipment condition assessment and life prediction, there is a lack of corresponding system support and key technical guidance. [6: [] Zhuang Cunbo, Liu Jianhua, Xiong Hui, et al. The connotation, architecture and development trend of product digital twins[J]. Computer Integrated Manufacturing System, 2017, 23(004):753-768.]  [7: [] Jones D, Snider C, Nassehi A, et al. Characterising the Digital Twin: A systematic literature review[J]. CIRP Journal of Manufacturing ence and Technology, 2020.]  [8: [] Glatt M, Sinnwell C, Yi L , et al. Modeling and implementation of a digital twin of material flows based on physics simulation[J]. Journal of Manufacturing Systems, 2020,4(15), 1-15.]  [9: [] Negri E, Fumagalli L, Macchi M．A review of the roles of digital twin in CPS-based production systems[J]. Procedia Manufacturing，2017，11: 939-948．]  [10: [] Liu Datong, Guo Kai, Wang Benkuan, et al. Summary and perspective survey on digital twin technology[J]. Chinese Journal of Scientific Instrument, 2018 39(11):1-10.]  [11: [] A digital twin feasibility study (Part I): Non-deterministic predictions of fatigue life in aluminum alloy 7075-T651 using a microstructure-based multi-scale model. Engineering Fracture Mechanics, 2020 228:1-17.]  [12: [] Patrick E , Leser , James E. Warner, et al. A digital twin feasibility study (Part II): Non-deterministic predictions of fatigue life using in-situ diagnostics and prognostics. Engineering Fracture Mechanics, 2020 229:1-16.] 

[bookmark: OLE_LINK1]In view of this, this paper aims at the fatigue life prediction problem of the bridge structure of bridge crane, based on the data twin technology, uses the inherent information of the equipment and the service information data to construct the fuzzy information database, and the twin data is formed after clear and quantitative processing; using information transmission, the load, strength, defect and life analysis models are fused into a multi-theoretical calculation model of the bridge structure, and the multi-theoretical calculation model is revised with the information of the current service state to obtain the main factors affecting the fatigue life and determine its comprehensive influence coefficient at the same time; the Kriging proxy model is constructed through experimental design to obtain the response relationship between inherent and service information and the fatigue life of the bridge structure, and complete the real-time prediction of the fatigue life of the bridge structure in the full life cycle in virtual space.
2 Fatigue life prediction model of bridge structure based on digital twin
Based on the Kriging proxy model, a real-time prediction model of the fatigue life of the bridge structure based on the digital twin is established in view of the structural safety issues due to the combination and randomness of factors such as geometric characteristics, load conditions, service characteristics and failure mechanisms, as shown in Figure 1.
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Figure 1 Fatigue life prediction model of bridge crane bridge structure based on digital twin
Based on the physical entity of the general bridge crane as shown in Figure 1, the physical parameters of the bridge crane, namely the active state information, are acquired by the state information acquisition system. Combining the physical parameters with the inherent information of the equipment and historical service information, a fuzzy database is constructed, and the twin data is obtained through clear quantitative processing. Based on the crane bridge structure mechanics model, the strength domain analysis model, the defect domain analysis model and the life analysis model are generated, and the crane bridge structure multi-theoretical analysis model is formed through information transmission. The fatigue life of the structure is calculated according to the multi-theoretical model, and the data of the active state information is combined to implement corrections to obtain the main factors affecting the fatigue life. Combined with fuzzy comprehensive evaluation theory, the comprehensive influence coefficient is determined. The Kriging proxy model is constructed using experimental design to predict the life of the structure under fatigue crack growth in real time, thereby forming a virtual space corresponding to the physical space. Inspectors make real-time decisions on the extension, repair, replacement or scrapping of the in-service structure based on the prediction results. The prediction results are reflected in the damage state of the physical entity, and the physical entity is driven by the prediction result in real time.
2.1 Physical space
[bookmark: OLE_LINK2]The physical entity in the physical space, that is, the general bridge crane generally consists of five parts: mechanism part, metal structure part, electrical part, crane cabin part and safety protection device part, as shown in Figure 2. The mechanism part consists of lifting mechanism, cross travel running mechanism, and long travel running mechanism. The lifting mechanism is composed of motors, drive shafts, brakes, couplings, reducers, rollers, pulley blocks, wire ropes and spreaders, etc., which are used for vertical lifting and lowering of goods. The cross travel running mechanism consists of motors, transmission shafts, brakes, couplings, reducers and a wheel set, etc., which can move along the axis of the main girders. The long travel running mechanism is composed of three-in-one drive devices, drive shaft angular bearing boxes, and a wheel set, etc., which can move transversely perpendicular to the axis of the main girders. The metal structure part includes the bridge structure and the trolley frame. Among them, the bridge structure is composed of main girders, long travel end carriages, rails, and walking platforms. As the "skeleton" part of the crane, it plays a role of carrying and transferring loads. The trolley frame is a usually a welded frame that supports and installs components such as the lifting mechanism and the cross travel running mechanism. Electrical part: consists of electrical equipment and circuits. The safety protection device part is composed of guardrails, rail sweepers, limit switches, strikers and buffers. The guardrail is used to protect the operation safety of maintenance personnel, the rail sweeper is used to push away possible obstacles on the trolley track, the limit switch limits the limit position of the hook and the trolley, and the striker and buffer are used to prevent the trolley from deviating and reducing shock.
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Figure 2 Physical space
2.2 Information collection system
The general bridge crane information collection system collects the corresponding physical parameters such as lifting weight, trolley displacement, lifting height, and dangerous point stress through sensors, and completes intuitive data display and storage after specific algorithms are clarified and quantified.
1） Collection requirements
1 Monitor the service status of bridge crane structure on site, collect and record service information and data and save it to a remote server;
2 Monitor the actual lifting load and the cycle times of the trolley passing the characteristic position of the main girder during the operation cycle (mid-span and end-span);
3 Monitor the stress of the bridge structure of bridge crane on site over time;
4 Monitor the maintenance time, frequency, method and technology, etc.;
5 Send the on-site inspection information and data back to the remote platform for storage.
2） [bookmark: _Hlk47519871]Information collection system hardware equipment
The information collection system hardware equipment includes: information collection module, (load sensor, displacement sensor and strain sensor), AD data conversion, instrument power supply module, field data processing instrument, data wireless transmission module and remote data platform. The system structure is shown in Figure 3. 
The specific conditions are: ①The load sensor adopts the SML-S-A series S-type tension and pressure sensor of Shenzhen Simingwei Technology Co., Ltd.; ②The displacement sensor adopts the MSE-LT150 laser ranging sensor of Yantai Morton Measurement and Control Technology Co., Ltd.; ③The strain on-site gauge is produced by AVIC Electrical Measuring Instrument Co., Ltd., model: BA350-5AA(11)-Q30, thermal expansion coefficient 11.3×106/℃, suitable for ordinary alloy steel, martensitic stainless steel and precipitation hardening stainless steel, with temperature self-compensation function. The resistance value is 350.3±0.2Ω, the sensitivity coefficient Kp=2.10±1%, the operating temperature range is -30℃~+80℃; ④The glue model for the strain gauge is B-711. The operating temperature range of this glue is -196℃~+150℃, the curing condition is 24 hours at room temperature, the curing pressure is finger pressure during bonding, and the strain limit is 2%; ⑤The on-site 24-bit AD conversion takes 16-bit valid data. 8 channels, two sets of full bridge access are adopted on site, channel 1, channel 2, and 3~8 are suspended. The bridge driving voltage is +5V; ⑥Field data processing instrument, the main function is to display the collected data and protocol conversion, responsible for collecting AD module data, and sending the data to the wireless communication module according to the agreed protocol; ⑦Wireless communication module, 5G signal is connected to the wide area network, and the data is transmitted to the background data platform for storage; ⑧Power supply module, AC220V is converted to DC24V for use by various instruments and modules on site.
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Figure 3 General bridge crane information collection system
2.3 Twin data
Through the information collection system, the physical parameters of the bridge crane are obtained in real time, combined with the design parameters, its historical service information and current service status information data to construct a fuzzy database, and the twin data is formed after clear and quantitative processing.
1）Fuzzy database construction
The service information of general bridge cranes in the whole life cycle is very huge. The arrangement of sample names, the collection of failure mode information, the tracing of failure causes, and the acquired real-time physical parameters cause great difficulties in the design of the database structure. In order to facilitate the identification and classification of general bridge cranes, and to effectively establish the failure mode fuzzy database, a scientific and complete structure coding system must be established to ensure the accuracy, reliability and standardization of the coding, thereby facilitating the addition, modification, and deletion of invalid data information, and ensuring the smooth flow of information data. When establishing the failure mode fuzzy database, based on the principle of simplification as much as possible and not too much library building, the failure mode fuzzy database is established from the process of “design → service → repair → continue service/repair scrap plan decisions” for general bridge cranes. The overall framework of the fuzzy database for the general bridge crane is described in Appendix A.
2） Clear quantification of fuzzy information
The general bridge crane fuzzy information database not only contains accurate quantitative data description, but also contains fuzzy qualitative information. For the convenience of application, fuzzy qualitative information is transformed into quantitative data through fuzzy semantic quantification criterion [[endnoteRef:13]]. [13: [] Shen Jianhong, Sun Xiaoning, Liu Lidan. Risk prediction of construction projects under the "Internet + PPP" model[J]. Journal of Civil Engineering and Management, 2017(05):31-35+49.] 

3） Data processing technology [[endnoteRef:14]] [14: [] Zhou Ying, Zhuo Jinwu, Bian Yueqing. Big Data Mining System Method and Case Analysis[M]. Beijing: Mechanical Industry Press, 2017.] 

In engineering practice, the information data collected by investigation, and collection often have problems such as missing some important information data, incorrect or noisy, inconsistent, etc., that is, the quality of the information data is not high. In order to meet the requirements of theoretical analysis, data needs to be preprocessed to improve data quality. According to the general bridge crane fuzzy information database combined with the clear quantified data results of fuzzy information, it is transformed into twin data that can be used for analysis through data preprocessing technology (including data cleaning, data integration, data reduction and data transformation).
2.4 Multiple theoretical models
1）Load analysis
How to ensure the validity of the test design space, the key lies in the accuracy of the calculation results of the fatigue remaining life of the bridge structure of the general bridge crane in service, and one of the main factors affecting the accuracy of the calculation is how to obtain the load spectrum that meets the actual working conditions. The intermittent and cyclic randomness of the working load of the general bridge crane in time and space leads to the randomness of the measured load, and the limitations of the test conditions make it difficult to implement large-scale load spectrum tests. For this reason, the method of "collection + statistics + real-time correction" is proposed, based on mathematical statistics technology, to describe the random load spectrum of the bridge crane. The specific analysis process is as follows:
Step 1: On the basis of the fuzzy information database to calculate the general bridge crane cycle process, based on fracture mechanics, crane metal structure theory, ISO8686-5 "Bridge/gantry crane load and load combination design principles" [[endnoteRef:15]], derive the load spectrum characteristic parameters (including lifting weight, trolley movement position, frequency) that affect the fatigue life of the bridge crane structure; Step 2: Select 6 commonly used probability distribution models (normal distribution , logarithm positive distribution , gamma distribution , exponential distribution , two-parameter Weibull distribution and three-parameter Weibull distribution  to fit the probability distribution of the acquired characteristic parameter data samples, combined with Akaike Information Criterion (AIC), the fitting results are tested for the goodness of fit, and the optimal probability distribution model is given; Step 3: Use Latin Hypercube sampling, combined with the fixed lifting weight table to describe the random load spectrum in the fixed inspection period [[endnoteRef:16]]. [15: [] ISO8686-5: 2007 Crane – Design principles for loads and load combinations – Part 5: Overhead travelling and portal bridges cranes[S].]  [16: [] Dong Q, Xu GN, Ren HL, et al. Fatigue remaining life estimation for remanufacturing truck crane Jib structure based on random load spectrum[J]. Fatigue & Fracture of Engineering Materials & Structures, 2017 40(5):706-731.] 

2）Defect analysis
The evaluation criteria for the failure modes of the bridge structure, such as the bearing capacity, notch effect, and welding effect established by the ISO crane design standards; according to the actual damage, combined with non-destructive testing technology to obtain qualitative/quantitative detection information, using the relationship between the whole and the part, using ANSYS software to establish the rough model of the bridge structure and the sub-model under the crack/weld/local buckling/mutually coupled defects, extract the cutting boundary of the sub-model, obtain the equivalent section equivalent to the special structure/damage effect, and study the equivalent section reduction factor  corresponding to the special structure/damage situation.
3）Strength analysis
General bridge cranes are the most arduous work and harsh environment. Their work characteristics are intermittent, repeated, cyclic, and frequent starting and braking. In the process, the bridge structure is subjected to strong shock and vibration. Under the cyclic action of the impact load, some fatigue damages on the crane bridge with high stress and welding defects will gradually form, causing the bridge to crack and expand until it breaks. Therefore, it is necessary to determine the stress variation at the dangerous point on the dangerous section of the bridge structure based on the study of the impact effect coefficient.
（1）Shock effect [[endnoteRef:17]] [17: [] ISO 20332: 2016, Cranes – Proof of competence of steel structures.] 

A working cycle of a general bridge crane refers to a complete process from hoisting an object from the ground to the beginning of hoisting an object, including the running of the crane, the trolley, and the normal stop, as shown in Figure 4a). In the working cycle, the impact effect of lifting load caused by each action is shown in Figure 4b).
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a) A work cycle process         b）Load shock effect in the working cycle
Figure 4 Working cycle and load impact effect of general bridge crane
Note：mQ—Lifting capacity, including spreader quality；mx—Trolley quality；mz—Crane quality；△m—Quality of removal；0~t1—Rising stage；t1~t2—Normal rest；t2~t3—Trolley on-load running and crane stopping motion；t3~t4—Normal rest；t4~t5—Crane running and trolley stopping motion；t5~t6—Normal rest；t6~t7—Unload；t8~—Start lifting the next item；φ1—Lift impact coefficient；φ2—Lifting dynamic load coefficient；φ3—Impact coefficient of sudden unloading；φ4—Running impact coefficient；φ5—Dynamic effect coefficient of structures under catastrophic driving force.
（2）First principal stress-time history
According to its nature of action, work characteristics and frequency of occurrence, the external loads are classified into 4 categories: conventional loads, accidental loads, special loads and other loads. Based on this, according to the working cycle process of the general crane in service, combined with the random load spectrum, each load is increased by the corresponding impact effect , and at the same time multiplied by the partial safety factor  corresponding to the load in the load combination, and then the combined load  is obtained. Using structural mechanics to analyze the internal force influence line of the bridge structure under the moving load, using the restrained bending, restrained torsion theory and local stress analysis method, combined with the section properties and damage conditions, the position of the dangerous section of the bridge structure is determined, and then the bending moment and shear force on the dangerous section with time  and  are determined. The two-way stress state (formula (1)) is then converted by combining the damage cross-section reduction factor  and dynamic stress determined at the dangerous point on the critical section, namely the normal stress  and the shear stress , with the local stress to the first principal stress-time history .
                  （1）
where,  and  are the normal stress and shear stress of the dangerous point, in MPa;  is the local stress of the dangerous point in MPa;  is the first main stress in MPa.
4）Life analysis
[bookmark: _Toc511462184]（1）Eliminate the influence of stress ratio
Before evaluating the fatigue remaining life of the bridge structure of general bridge crane, the rain flow counting method needs to be used to extract the two-dimensional two-parameter stress spectrum of the dangerous point from the first principal stress-time simulation result of the dangerous point, including the mean stress spectrum and stress amplitude spectrum. In order to eliminate the influence of average stress, according to the principle of equal life, the Goodman formula  is used to convert all amplitude stresses into the stress range under cycle characteristics R=0:
                                     （2）
where,  is the fatigue strength of the material when R=-1;  is the ultimate strength of the material, the ultimate tensile strength of the high-strength brittle material or the yield strength of the ductile material;  is mean stress under the cycle characteristic R;  is the stress amplitude when the cycle characteristic is R.  is the stress range under cycle characteristic R=0.
[bookmark: _Toc511462185]（2）Root mean square equivalent stress method
The load spectrum of a general bridge crane is a random spectrum, so the two-parameter stress spectrum obtained from the first principal stress-time history of each dangerous point is a variable amplitude spectrum. The equivalent stress method needs to be adopted. According to formula (3), the variable amplitude stress spectrum is transformed into a constant amplitude stress spectrum.
                                      （3）
where,  is the equivalent stress amplitude (MPa);  is the stress amplitude of each level (MPa), usually 8 levels;  is the number of cycles (times) corresponding to the stress amplitude of each level; α is the damage equivalent parameter, when α=2, it is the root mean square model.
（3）Fatigue life assessment considering crack closure effect
Two methods are commonly used in engineering to estimate the influence of residual stress on fatigue crack growth. One is to treat it as a mechanical parameter for simple superposition, which plays the same role as an external load. The other is a unified crack propagation behavior with or without residual stress from the perspective of crack closure. The proposal of the crack closure effect gave people a new understanding of fatigue crack growth. The factor that controls the crack growth rate is no longer the stress intensity factor range  but the effective stress intensity factor . The current research on crack closure is mainly focused on characterizing the size of crack closure through the crack closure coefficient U.
Under constant-amplitude stress, the fatigue crack growth life analysis can be obtained by integrating the crack growth formula  considering the crack closure effect, and combining the annual working cycle amount  of the general bridge crane. When the stress cycle characteristic R is calculated equal to 0, the crane crack propagation period can be obtained by the following formula（4）:
             （4）
where,  is the initial crack size (mm);  is the critical crack size (mm); Y is the geometric correction factor; CP and m are material parameters;  is the number of working cycles of the crane per year (times);  is the crack propagation life (years) of the general bridge crane; U is the crack closure effect parameter, which can be calculated according to formula (5).
                                          （5）
When m≠2, the relationship between the fatigue remaining life  and the fatigue crack growth size  of the general bridge crane can be obtained from the formula (6):
                 （6）
In the formula,  is the fatigue crack growth size (mm), ;  is the service life  (years) of the general bridge crane when the crack growth size is .
On this basis, combined with the active state information data in the twin data, the first principal stress time history in the theoretical model is corrected in real time, and the revised fatigue life calculation result is calculated by combining equations (2) ~ (6), and given the real-time correction coefficient  is obtained.
2.5 Virtual space
The operation process of general bridge cranes is dynamic and changeable, service information is diverse and heterogeneous, and failure modes are complex and diverse, and the randomness of the working cycle, the complexity of the load, the special structure, the time-varying damage and other factors lead to structural fatigue. When the life is described by the traditional fracture mechanics model, the efficiency is low and the accuracy is poor. In this regard, the multi-theoretical model under the influence of multiple factors is encapsulated into a nonlinear system, and an experimental design using the optimal sample filling space (OSF) is proposed, and an approximate response surface model is constructed to simulate the nonlinear system through the Kriging model.
[bookmark: _Toc35862176]1）Kriging model
The Kriging model is an unbiased estimation model with the smallest estimation variance, which can better describe the nonlinearity of the system, and it can also smooth the target response, remove noise and improve the efficiency of optimization design [[endnoteRef:19]- [[endnoteRef:20]]]. The Kriging model is mainly composed of a linear regression part and a random distribution part. The sample point  and the response value  is obtained by the experimental design method. The Kriging model can be expressed as: [19: [] Hai-Feng G , Enrico Zio , et al. Probabilistic-based combined high and low cycle fatigue assessment for turbine blades using a substructure-based kriging surrogate model[J]. Aerospace Science and Technology, 2020,104:1-18.]  [20: [] Gaspar B , Teixeira A P , Soares C G . Assessment of the efficiency of Kriging surrogate models for structural reliability analysis[J]. Probabilistic Engineering Mechanics, 2014, 37:24-34.] 

                                      （7）
where,  is the response function of the Kriging model;  is the polynomial regression combination of the sample points, providing a global approximate simulation of the design space;  is the least square estimation of the regression coefficient;  is a normally distributed random item, and the covariance of the local deviation created on the global approximate simulation can be calculated according to equation (8).
                        （8）
where,  is the  covariance matrix, positive definite along the diagonal;  is the correlation coefficient of any N sample points  and  spatial functions, which can be calculated according to formula (9).
                              （9）
where,  is the uncertain parameter used to fit the model;  is the number of design parameters.
Commonly used spatial correlation functions include Gaussian function, exponential function and spline function. The spatial correlation function determines the smoothness of the Kriging model, the correlation between nearby data points and the correlation between quantified observations. Generally, the Gaussian correlation function can provide a relatively smooth and infinitely differentiable surface, which is widely used and can be expressed as:
                            （10）
Then the response estimate of sample point X is determined as:
                         （11）
where,  is the response value of the sample point data;  is the unit column vector;  is the correlation vector between the sample point and the predicted point. Among them,  estimation and variance estimation value  can be calculated according to formula (12).
                              （12）
The relevant parameter  is calculated by the maximum likelihood estimation formula (13).
                            （13）
[bookmark: _Toc35862177]2）Design of experiment
When Kriging proxy model is constructed, it is that under the same sample size condition, more accurate information can be obtained by reasonable selection of test points through the experimental design method, and the proxy model can be more accurate. At present, the commonly used experimental design methods can be divided into modern experimental design methods and traditional experimental design methods. Among them, the traditional experimental design methods include full factorial design method, partial factorial design method, etc., which are mainly used in laboratory test arrangements to reduce random errors. Both full factorial design and partial factorial design have the phenomenon that the test points increase sharply with the increase of the number of design variables and their levels. Modern experimental design methods include Latin Hypercube Sampling (LHS) [[endnoteRef:21]], Optimal Sample Space (OSF), Monte Carlo sampling, etc., which are mainly used for deterministic computer experiments.  [21: [] Sheikholeslami R , Razavi S . Progressive Latin Hypercube Sampling: An efficient approach for robust sampling-based analysis of environmental models[J]. Environmental Modelling & Software, 2017, 93(Jul.):109-126.] 

Among them, LHS is an advanced form of Monte Carlo sampling that avoids sample clustering; the essence of OSF design is an extended processing based on LHS. After LHS is used for initialization, effective design points are retained through iterative optimization and simultaneously achieved the uniform spatial distribution of points. That is to maximize the distance between points, to effectively solve extreme problems and provide better design space coverage. Therefore, OSF is chosen as the basic method for constructing approximate model design points.
3）Construction of a response surface proxy model based on Kriging
Based on the general bridge crane fuzzy database combined with random load spectrum, the detection index of dangerous point i is obtained: appearance size (top flange thickness xi1, bottom flange thickness xi2, main web thickness xi3, secondary web thickness xi4, web height xi5, inter-web spacing xi6, top flange plate width xi7, bottom flange plate width xi8), deformation (perpendicularity xi9, warpage xi10, local curvature xi11). After that the comprehensive evaluation coefficient K is obtained by using fuzzy comprehensive evaluation [[endnoteRef:22]]. Combining the notch crack xi9 as the input value of the sample point, the fatigue remaining life of the dangerous point i calculated by the multi-theoretic model is used as the output result yi of the sample point, the design point for prediction is determined by the OSF test design method, and the fatigue is constructed by combining Kriging Response surface proxy model for life theory calculations. [22: [] Du Y W , Wang S S , Wang Y M . Group fuzzy comprehensive evaluation method under ignorance[J]. Expert Systems with Applications, 2019, 126:92-111.] 

4）Accuracy test of surrogate model
In order to analyze the pros and cons of the proxy model, the relative error , the root mean square relative error  and the multiple correlation coefficient  are used as evaluation indicators to evaluate the training results and prediction results.
                        （14）
where,  is the calculated value of multiple theoretical models;  is the estimated value of the proxy model;  is the average value of all simulation calculation results.
3 Project examples
The bridge structure of QD20/10t×43m×12m general bridge crane is taken as an example to analyze its fatigue life. The inherent information of the equipment includes the technical parameters of the whole machine, main girder structure and section size, end carriage structure and section size. The technical parameters of the whole machine are: the working level of the whole machine is A6, the structural material is Q345, and the rated lifting weight of the main hook is 20t. The rated lifting weight of the auxiliary hook is 10t, the weight of the trolley is 8850kg, the weight of the cabin is 1138kg, the weight of the electrical equipment is 3000kg, the gauge of the trolley is 2000mm, the track gauge of the trolley is 4300mm, the distance between the cabin and the main beam is 1350mm, and the lifting speed of the main hook is 1.3~13m/ min, auxiliary hook lifting speed 1.7~17m/min, long travel running speed 6~60m/min, cross travel running speed 4~39m/min, main hook lifting height 12m, auxiliary hook lifting height 12m; The structures dimensions and the fracture performance parameters of Q345 material are shown in Appendix A.
3.1 Information collection process
1）Monitoring plan layout
Frequent use of general bridge cranes, variable loads, long service periods, uncertain working environment and other factors cause its bridge structure to inevitably appear different degrees of damage with the passage of service time, and as a kind of intermittent work lifting mechanical, unsteady working cycle processes such as raising and braking, lowering and braking, and the operation of large and small cars on non-smooth tracks cause shock and vibration effects in the bridge structure, which will cause the bridge structure to change in stress and affect its service life. Therefore, in order to obtain the "stress" characteristics that affect the service life of the bridge structure, structural mechanics is used to analyze the internal force influence line of the bridge structure under the moving load, and the restrained bending, restrained torsion theory and local stress analysis method are used to determine the section properties and damage conditions. The stress monitoring points of the bridge structure are shown in Figure 5 a): they are distributed in the mid-span section, near the track of variable section, and the lower flange plate. The monitoring information data acquisition system is used to collect real-time strain data at the lifting load, working cycle and stress monitoring points of the bridge structure of the general bridge crane. Among them, each measuring point adopts 4 pieces of orthogonal full bridges, the connection mode of 2 times signal, taking measuring point 6 as an example, the patch map is given (see Figure 5 b)), and the other points are similar.
[image: ]
a) QD20/10t×43m×12m general bridge crane measuring point layout plan
[image: ]
b） Patch plan of measuring point 6
Figure 5 Measuring scheme
2) The verification process of the monitoring plan
In order to ensure the validity and accuracy of the collected information, taking measuring point 6 as an example, the full range of the trolley is used to obtain the stress-historical change information of the measuring point. And the stress-historical change information is compared with the theoretical analysis results to confirm the validity of the plan, the integrity of the collection process and the efficiency of the collection structure.
The test operation process is shown in Figure 6a). Firstly, the load sensor and displacement sensor are cleared. Secondly, the left wheel of the trolley runs from the stopper on the west side to the point where the right wheel of the trolley touches the stopper, and runs in the reverse direction until the hook is S/8 from the east side and starts to lift the test load (5t, 10, 15t and 20t is shown in Figure 6b)). After the completion, the load will run until the left wheel of the trolley is in contact with the stopper and start to load the goods until the unloading of the goods is completed.
[image: ][image: ]
a) Operation process                                 b) Test load
Figure 6 Test process
Based on the above test process, each test load is carried out 3 times, the maximum stress value of stress measurement point 6 is found and the average value is found. The results are shown in Table 1. The other measurement points are like this, at the same time, it is compared with the calculation results of the static strength theoretical model to verify the feasibility of the patch and test process.
It can be seen from Table 1 that under each test load, the measured maximum stress value of 6 does not include the stress value caused by the weight of the crane bridge structure, mechanism, electrical equipment, etc., only the test load produces the stress result. It can be seen from the experimental results and theoretical calculation results that the relative error of the two is within 5.79%, which is less than the actual allowable error of 10%, which can confirm that the patch and test process are feasible.
Table 1 Stress data of measuring point 1 in the middle of the span
	Test load
	Mid span AD value
	Multimeter to measure voltage and strain
	AD value calculation of voltage and strain
	stress
result
MPa
	Theoretical calculation results MPa
	relatively
error

	
	
	Recording voltage mv
	Strain increment με
	Calculating voltage mv
	Strain increment με
	
	
	

	5t
	32772
	0.01
	67.40
	0.01
	67.97
	14.00
	14.81
	5.79%

	10t
	32562
	0.26
	106.96
	0.25
	105.53
	21.73
	22.35
	2.85%

	15t
	32372
	0.48
	139.19
	0.48
	139.51
	28.73
	29.78
	3.65%

	20t
	32134
	0.77
	181.68
	0.77
	182.08
	37.50
	39.67
	4.99%


3）Information collection results
On a basis of ensuring the placement and testing process is reasonable, the stress-time history of each measurement point under each test load is collected and recorded in real time and stored in the service information table under the fuzzy information database. For the convenience of description, Figure 7 only shows the change process of various physical parameters of the general bridge crane over time in one week.
[image: ][image: ]
Figure 7 Physical parameter collection results in a specific period
As shown in Figure 10, layer D is the distance between the position of the trolley and the west side of the main beam at each moment, layer C is the change process of actual lifting weight with time, layer B is the change process of stress measurement point 6 with time, and the rest stress measuring point is similar to it, so it is not necessary to repeat it.
3.2  The generation of twin data 
Based on the established general bridge crane fuzzy database, through the clear quantitative processing of fuzzy information, combined with data preprocessing technology, including data cleaning, data integration, data reduction and data transformation, the QD20/10t×43m×12m equipment inherent information, historical service information and current service status information data of the general bridge crane are transformed into twin data that can be used for analysis.
3.3  Fatigue life calculation based on multiple theoretical models
Based on the multi-theoretical model, through the load analysis technology, the random load spectrum of the bridge crane is described, and the change process of the load over time is determined (see Figure 8A); the defect analysis technology is used to obtain equivalent section reduction factor  corresponding to the special structure/damage situation; the impact effect coefficients are combined to determine the stress fluctuation at the critical point in the danger section of the bridge structure; on this basis, according to the first stress-time history theoretical model process, the first principal stress-time history theoretical simulation results of the stress detection points are obtained, as shown in Figure 8.

[image: ]
Figure 8 The first principal stress-time history of each stress measurement point under the random load spectrum
As shown in Figure 8, the theoretical simulation results of the first principal stress-time history of stress measuring point 1 to stress measuring point 11 under 180 sets of random loads are given. Among them, picture A shows 180 sets of random loads, and the average working cycle process under each load is 20 minutes; picture B shows a total of 11 layers from B to L, and there are a total of 11 monitoring points corresponding to stress measuring point 1~stress measuring point 11.
For Fracture mechanics assumes that the welded structure has an initial crack, so the initiation stage of the crack can be ignored, but there is no standard fixed value for the size of the initial crack. Therefore, it is necessary to determine the initial crack length  when using fracture mechanics to calculate the crack propagation life of the bridge structure of a general bridge crane. According to the existing non-destructive crack detection technology, the initial crack size  can be in the range of 0.5~2mm. According to the reference and the structural characteristics of the bridge, the initial crack length is 0.5mm [[endnoteRef:23]]. On this basis, using the first principal stress-time history simulation results of each stress measurement point, formula (2) ~ formula (5) are used to determine the fatigue life of each stress measurement point. The calculation results are shown in Table 2. Using the information of the current service status, that is, the results of the stress-time history collection in the regular inspection cycle, the fatigue remaining life of each measuring point is determined through life analysis, and the above theoretical calculation results are corrected to obtain the fatigue life correction coefficient  of the corresponding measuring point and the revised fatigue remaining life calculation results. As shown in Table 2. [23: [] Xu Gening, Fan Xiaoning, Lu Fengyi, et al. Monte Carlo simulation of fatigue reliability and initial cracks of crane welded box girder[J]. Chinese Journal of Mechanical Engineering, 2011, 47(020):41-44.] 

Table 2 Fatigue life calculation results (initial crack is 0.5mm)
	Without considering active status information

	Measuring point
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11

	/mm
	2.04×104
	2.08
×104
	2.07
×103
	1.38
×103
	80.68
	5.19
×103
	4.21
×103
	728.96
	722.69
	8.90
×103
	89.06

	
/year
	3.61×107
	2.45
×107
	9.09
×104
	2.69
×104
	48.79
	7.99
×105
	1.50
×108
	8.89
×103
	8.77
×103
	3.37
×103
	73.69

	Considering active status information

	Measuring point
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11

	Correction factor
	0.993
	0.975
	1.013
	0.987
	1.075
	1.084
	0.994
	1.111
	0.969
	0.986
	1.124

	Fatigue remaining life
	3.57
×107
	2.39
×107
	9.21×104
	2.66
×104
	52.45
	8.66
×105
	1.49×108
	9.88
×103
	8.50
×103
	3.32×103
	82.83


It can be seen from Table 2: 
(1) The structural size of the new general bridge crane is the original value, without initial deformation, the equivalent section reduction factor =1 under the special structure, and the equivalent section reduction factor  corresponding to the damage is equal to 1, but considering that the bridge structure is a typical welded structure, and considering the initial crack length of the welding defect, when the initial crack size =0.5mm, the critical crack length of stress monitoring point 5 is calculated to be 80.68mm, and the corresponding fatigue remaining life is 48.79 years which is close to the design life (generally 50 years). 
[bookmark: _Hlk47014861](2) The remaining fatigue life of the remaining measuring points is much longer than that of measuring point 5. The reason is that: for measuring points 1, 2, 6, 7, and 10, they are in the area of cross-sectional compressive stress. Stress  ('-' means compression), and shear stress , the principal stress.
It shows that the shear stress has a greater influence on the first principal stress. Because the shear stress at the measuring points 1, 2, 6, 7, and 10 is smaller, which causes the first principal stress is smaller. This leads to a larger critical crack size and a longer fatigue remaining life (it is longer than its design life, and there is distortion), so when calculating the fatigue remaining life, the compressive stress area and the weld joint with small shear stress are not considered; for the measuring points 3, 4, 8, 9: they are all close to the main girder end of the bridge structure. From the influence line of the internal force of the bridge structure under the moving load, when the loaded trolley moves to the mid-span section of the main girder, the bending moment of the mid-span section is the largest. When the trolley moves to the end span, the mid-span section shear stress is the smallest, but for the crane bridge structure, according to the section properties, the normal stress after the bending moment is much greater than the shear stress after the shear force, that is, the normal stress which is in the first principal stress plays a decisive role in the transformation process.
3.4  Real-time prediction of crack growth process in virtual space
Based on the random load spectrum, the fuzzy comprehensive evaluation method is used to convert the detection index of dangerous point 5: (top flange thickness x1, bottom flange thickness x2, main web thickness x3, secondary web thickness x4, web height x5, inter-web spacing x6, top flange width x7, bottom flange width x8), deformation (perpendicularity x9, warpage x10, local curvature x11) to the comprehensive influence coefficient K, and the sample data of the proxy model is formed by combining the crack length and fatigue life, as shown in Appendix A Table A-1. Based on the sample data, the optimal sample filling space (OSF) is used for experimental design, and the response surface model between the comprehensive coefficient, the crack growth size and the fatigue life is obtained through the Kriging model. The predicted surface is shown in Figure 9. The Kriging model accuracy test results are shown in Table 3.
[image: ][image: ]
a) Fatigue remaining life prediction surface     b) Crack propagation process prediction surface
Figure 9 Prediction surface
As shown in Figure 9, the figure a) is the prediction surface of the fatigue remaining life. When the crack length is less than 2.02mm, the decrease of the fatigue remaining life will be greater as the crack length increases; when the crack length is greater than 2.02mm, the decrease of the fatigue remaining life will be less as the crack length increases. Figure 9 b) shows the predicted surface of the crack growth process. When the fatigue life is less than 8.35 years, the crack growth rate is slow; when the fatigue life is greater than 8.346 years and less than 11.47 years, the crack starts to grow at a moderate rate; when the fatigue life is greater than 11.47 years, the crack grows rapidly.
Table 3 Kriging model accuracy test results
	No.
	Comprehensive influence coefficient K
	Crack length a/mm
	Fatigue remaining life Nf/year
	Kriging model accuracy test

	
	
	
	Predictive value
	Theoretical calculation value
	Relative error
	Root mean square error
	Degree of fitting

	1
	0.93
	2.14
	6.4903
	6.5176
	0.0042
	0.0467
	0.9994

	2
	1.09
	3.12
	4.6285
	4.6022
	0.0057
	
	

	3
	0.91
	4.82
	2.0210
	2.1319
	0.0520
	
	

	4
	0.97
	5.41
	2.0245
	1.9411
	0.0430
	
	

	5
	1.05
	7.62
	1.3562
	1.3106
	0.0348
	
	

	6
	1.06
	8.33
	1.2382
	1.1686
	0.0596
	
	

	7
	0.96
	9.52
	0.9166
	0.8773
	0.0448
	
	

	8
	0.95
	11.08
	0.7093
	0.6997
	0.0137
	
	

	9
	1.06
	13.11
	0.6668
	0.6122
	0.0892
	
	

	10
	1.02
	15.42
	0.4676
	0.4635
	0.0088
	
	

	11
	0.94
	17.90
	0.3598
	0.3407
	0.0561
	
	

	12
	0.99
	22.08
	0.2445
	0.2578
	0.0516
	
	

	13
	1.07
	27.23
	0.1958
	0.1961
	0.0015
	
	

	14
	1.10
	30.52
	0.1560
	0.1645
	0.0517
	
	

	15
	1.02
	39.18
	0.0952
	0.0931
	0.0226
	
	

	16
	0.98
	39.87
	0.0907
	0.0861
	0.0534
	
	

	17
	0.95
	46.82
	0.0615
	0.0571
	0.0771
	
	

	18
	1.07
	56.75
	0.0382
	0.0361
	0.0582
	
	

	19
	1.01
	63.62
	0.0215
	0.0212
	0.0142
	
	

	20
	1.00
	76.78
	0.0037
	0.0039
	0.0513
	
	


Table 3 shows the fatigue remaining life of stress measurement point 5 at different crack lengths and different comprehensive evaluation coefficients predicted by the Kriging model. The relative error between the predicted result and the theoretical calculation result is up to 8.92%, and the root mean square error is 0.0467. The degree of fit is 0.9994, the fitting effect is better, and the prediction accuracy is higher.
4 Result analysis and discussion
In order to verify the feasibility, applicability and accuracy of the calculation results of the method proposed in this paper, analysis and discussion are carried out from two aspects: the accuracy test of the proxy model and the calculation method of the remaining fatigue life.
4.1 Model accuracy check
In order to verify the ability of the Kriging proxy model to fit complex nonlinear problems, the RVM proxy model, SVM proxy model, and improved BP neural network proxy model are used to perform response surface fitting based on the same experimental design. The accuracy of the commonly used proxy model performance evaluation indicators is tested, and the calculation results are shown in Figure 10 and Table 4.
[image: ][image: ]
a) Fatigue life prediction results         b) Relative error of fatigue life prediction results
Figure 10 Fatigue remaining life prediction results of different proxy models

Table 4 Accuracy calculation results of proxy model
	Accuracy calculation result
	Kriging proxy model
	IBP proxy model
	SVM proxy model
	RVM proxy model

	Maximum relative error
	8.92%
	48.11%
	35.89%
	16.62%

	Root mean square error
	0.0467
	0.1758
	0.1399
	0.0932

	Degree of fitting
	0.9994
	0.9884
	0.9879
	0.9928


It can be seen from Figure 10 and Table 4 that under the same experimental design method and the same sample conditions, compared with the IBP proxy model, the SVM proxy model and the RVM proxy model, the Kriging proxy model has the smallest maximum relative error, the smallest root mean square error, and the highest fitting accuracy. The second is the RVM proxy model, and the IBP proxy model has the worst accuracy. This is because the IBP proxy model has high requirements for the number of samples, weak generalization ability, unstable training results, and the choice of the number of hidden layer nodes is greatly affected by subjective factors; radial basis neural network proxy models such as SVM and RVM have strong nonlinear adaptability and high efficiency, but have a strong dependence on the choice of nuclear parameters. Kriging response surface model can describe the nonlinear process well, and at the same time it can also smooth the target response, remove noise, and improve calculation efficiency.
4.2 Comparative analysis of fatigue remaining life based on different methods
In order to further verify the accuracy, feasibility and applicability of the method proposed in this paper, based on the 0.5mm initial crack, the real-time prediction method of the fatigue life of the digital twin bridge structure (method 1) and the currently commonly used Pairs model (method 2) [16], the crack closure effect modified Pairs model (method 3) [[endnoteRef:24]], the fatigue life prediction method based on detection information (method 4) [[endnoteRef:25]] and the fatigue life analysis method modified based on active state information (method 5) for comparative analysis and The calculation results are shown in Table 5~6. [24: [] Dong Q , He B , Xu G . Fatigue Life Evaluation Method for Foundry Crane Metal Structure Considering Load Dynamic Response and Crack Closure Effect[J]. Computer Modeling in Engineering and Sciences, 2020, 122(1):525-553.]  [25: [] Qiang Baomin, Yuan Renwu, Lu Fei, et al. Fatigue life estimation of bridge crane main girder based on online monitoring system[J]. Machine Tool & Hydraulics, 2015, 43(15):207-210.

Appendix A
1）Fuzzy database
The overall framework of the fuzzy database for the general bridge crane is described in Figure A-1.

Figure A-1 The overall framework of the fuzzy database of the general bridge crane
As shown in Figure A-1, based on the life cycle process of the general bridge crane, the design parameter table, service information table, maintenance information table and plan decision information table are established to form a fuzzy database. The tables in the library can be expanded infinitely. Among them, the design parameter table includes: machine working classification, metal structure materials, cross travel running speed, long travel running speed, lifting speed, span, trolley track gauge, trolley wheel base, crane wheel base, rated lifting weight, main girder structure size, main girder section size, long travel end carriage structure size and long travel end carriage section size, etc.; service information table includes: working environment, overload usage, working cycle process, load-time history, frequency of over-calibration position, damage situation, load features such as impact effect, load capacity, stress-time history, fatigue remaining life, and information collection system operation; maintenance information table includes weld failure, crack failure, local buckling, bolt connection failure, repair technology, repair plan, track joint wear and repair condition, structural load capacity restoration status, and fatigue remaining life improvement status; the plan decision information table includes load capacity redundancy, fatigue remaining life reliability, crane risk after repair, repair technical feasibility, repair cost, environmental resources and features such as comprehensive decision-making information for extension/repair/retirement programs.
2）Structure dimensions and fracture performance parameters
The main girder and end carriage structures and section dimensions are shown in Table A-2. At the same time, the fracture performance parameters [] of Q345 material are determined in Table A-2.
Table A-2 Main girder and end carriage structure and section size (mm)
3）Sample data
The sample data used to determine the Kriging proxy model is shown in Table A-2.
Table A-2 Sample data
] 

Table 5 Analysis of calculation results of fatigue remaining life based on different methods
	Stress measuring pointpoint5
	Method 1
	Method 2
	Method 3
	Method 4
	Method 5
	Relative error

	
	
	
	
	
	
	

	

	

	


	Fatigue remaining life
	52.33
	47.25
	48.79
	50.28
	52.45
	9.708%
	6.765%
	3.917%
	0.229%


As shown in Figure 7, compared with the real-time prediction method of the fatigue life of the bridge structure based on digital twin, the maximum relative error of the results calculated by using the Pairs model is 9.708%; the relative error of the results calculated by using the crack closure effect to modify the Pairs model is next 6.765%; while the relative error of the results calculated by the fatigue life analysis method based on the correction of the active state information is 0.229%.
Table 6 Fatigue life calculation/prediction model analysis
	Model evaluation
	Method 1
	Method 2
	Method 3
	Method 4
	Method 5

	Calculation/prediction accuracy
	High level
	Medium low level
	Low level
	Medium high level
	High level

	Time consuming
	Short
	Short
	Short
	Long
	Long

	Model complexity
	High level
	Low level
	Medium low level
	Medium high level
	High level

	Can real-time prediction be achieved
	Yes
	No
	No
	Yes
	Yes

	Service information completeness
	Yes
	No
	No
	No
	Yes

	Completeness of section damage information
	Yes
	No
	No
	No
	Yes


Based on Table 5 and combined with Table 6, it can be seen that the calculation accuracy of the Pairs model and the complexity of the model are low, and the crack closure effect modified Pairs model is based on the Pairs model by introducing the crack closure effect parameters through the stress cycle characteristics to modify the stress Variable range, its calculation accuracy and model complexity have been improved, both of which can achieve rapid prediction but cannot achieve real-time prediction; the fatigue life prediction method based on the detection information is based on the obtained stress-time history and combined with the fracture mechanics to calculate the remaining fatigue life. The calculation accuracy is high, but sometimes signal deviation and distortion are unavoidable in the detection process under the full life cycle. In addition, the pre-detection information of old equipment that has been in service for many years cannot be traced, so the completeness of covering service information and the completeness of cross-sectional damage information are poor; the fatigue life analysis method based on the information correction of the active service state and the method proposed in this paper have high calculation accuracy and model complexity. Both are good in covering the completeness of service information and the completeness of cross-sectional damage information, and can realize real-time prediction. The method proposed in this paper is to encapsulate the fatigue life analysis method based on the information of the active state and replace it with the proxy model, which can reduce the prediction time and improve the calculation efficiency while ensuring the calculation accuracy.
5 Conclusion
1）A real-time prediction model for the fatigue life of the crane bridge structure based on the digital twin is established, and the structural safety problems caused by the coupling and randomness of factors such as the geometric characteristics, load status, service characteristics, and failure mechanisms of the in-service general bridge crane bridge structure are discussed.
2）Based on the multi-theoretical calculation model, the Kriging proxy model is used to establish the mapping relationship of the fatigue life of the bridge structure under the equipment inherent information, historical service information, and active service status information, forming a virtual space corresponding to the physical space of the equipment.
3）The method proposed in this paper is applied to the QD20/10t×43m×12m general bridge crane example, and the feasibility and applicability of the proposed method are verified by comparison, which provides a theoretical basis for crane health monitoring and safety assessment.
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Symmetrical structure for main girder
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