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Abstract: Current bridge maintenance relies on manual inspection and a project-based system. Aging infrastructures require new approach of the maintenance in terms of inspection, bridge maintenance system and systematic assessment. Reliable assessment needs well-organized life-cycle information from design to operation for many years. Future performance of a structure can be expected by damage records of similar structures under different environmental conditions. In this paper, 3D digital twin models for typical bridge structures are suggested for the next generation of bridge maintenance system. 3D geometry models are created by combination of 3D scanning and alignment-based parametric modeling. The 3D models have information for analysis. Damage records are linked to the objects of a bridge and have unique code numbers. The twin models have basic attributes of design and construction parameters. Environmental conditions including temperature, humidity, loading history and monitoring data provide essential information for future performance prediction of a structural member. Deterioration or damage of a structure changes structural parameters for the analysis. The digital model is updated by each inspection result and monitoring data. The concept of the digital twin model realizes possibility of big data analysis for more reliable prediction of future performance of structures. Initial models were suggested and tested.

1       INTRODUCTION
The conducted literature review of several publications presented the state-of-the-art implementation and research of BIM in existing buildings, which focus on maintenance and deconstruction stages, highlighted the intensifying research approaches to harness BIM application in existing facilities as well as capturing and integrating data into the entire information system (Volk et al. 2014). It also shows an increment of maintenance interfaces and new functionalities, however, it reveals that three major challenges which need to pay more attention from researchers: the automated data capturing and BIM creating, the timely update and completely maintenance of information, and the controlling of uncertainty data.

Bridge maintenance system (BMS) was paid special attention last decades. In the developed countries facing the aging of infrastructure, there are various BMSs adopted (Shim et al. 2017 2016). It engenders the demand of developing a national bridge inventory (Hammad et al. 2007). For existing bridges, in order to distinguish the difference between repairs and strengthening, estimating the progressive deterioration of performance for bridge members needs to be taken into account. Also, a balance between quality-maximization and maintenance-cost-minimization needs to be considered as the rehabilitation strategy for the bridge (Miyamoto et al. 2001).

Automated system for bridge maintenance has always been a difficult problem for engineers. The first aspect lies in the way to generate 3D digital information model from design drawings. In this regards, parametric modeling has been widely applied as an effective methodology to embed BIM expertise into the construction industry (Shim et al. 2018). Although the use of parametric modeling solution is not unfamiliar so far, it is still challenging and has some limitations in terms of capturing and interpreting a tacit knowledge into computer-readable geometry and relationships. In an automated system, if the input/output data judgment and responsibilities are not strictly controlled, it increases the risk of propagating errors. System performance degradation also needs to be considered when large number of parameters and geometric constraints are included (Lee et al. 2006). The second aspect in order to automate the function of generating data for a BMS lies in the inspection process. Several researchers have been proposed the automatic workflows for the bridge inspection work which are based on the image processing technology (Oh et al. 2008, Matsumoto et al. 2012). Adapting a good machine vision concept, nowadays engineer can detect the structural damage in real time and also has advanced utility functions for remote supervision. Among all inspection objectives, crack detection is the most important achievement and increasingly be paid significant attention (Pereira et al. 2015, Bu et al. 2015, Mohan et al. 2017). Inspection data can be observed and directly uploaded onto the server by the aids of mobile device or UAV, or other wearable/AR devices. Post-processing to find out the crack profile, width, and length, propagation direction, significantly supports decision-making process from a remote office.
Lifecycle information management is the main issue for BMS to perform related functionalities in its service life. Currently, various approaches and integrated research are proposed (Shim et al. 2011 2012, Dang et al. 2018). Mobile model-based lifecycle management system has seen the first attempt of integrated 4D bridge models with BMS. By this system, information is accessible to mobile onsite by engineer through a suitable interaction method such as navigation, picking (Hammad et al. 2006). Database management system using object-oriented programming and client/server architecture can improve productivity of the maintenance work by minimizing time to find basic information such as the bridge condition, inspection record, etc. Moreover, it provides a variety of information queries, and the recorded data automatically generates the documentation needed by the bridge comprehensive evaluation, as well as meet the needs of sharing and managing information (Yin et al. 2011). The combining bridge management on building level with an optimization of maintenance schedules on network level can be performed. By structuring the model in a LOD (Level of detail) approach a fine granular prognosis can be performed thus identifying the parts where and the time when maintenance should be performed. The ideal schedule does not only take the safety of all bridges into account but also the budget, traffic impact, etc. (Lukas and Borrmann 2012).
2       3D INFORMATION MODEL
1.1 Data schema
For the maintenance purpose, the 2D-based traditional system cannot deal with metadata, also that huge amount of information continuously created and upgraded by time. Therefore, it is needed to orient and form a systematic database from very early stage of a maintenance project. In this regards, the data schema should be defined as the first task in order to generate the 3D information model for maintenance system. Following the concept of object-based modeling, the 3D information model is separately defined element-by-element. At first, each structural element is categorized into an inventory system according to its roles or service in entire bridge system. Recently for example, it can be inventoried as a superstructure or substructure etc. Noteworthy that among one category, structural elements should either have the similar characteristics and properties or be further classified into detailer hierarchy category, in order to easily form the feature of each category. Thereafter, each structural element in one category is identify by a specific identification (ID).

Since the inventory system and ID definition system is defined, the BIM-oriented information model can be generated by adding the corresponding information into specified object ID. Two main characteristics: "attribute" and "archive" are the backbone of the information system. The individual attribute feature consists of all physical information such as geometric and material property, orientation and role, quantity/cost estimating. The individual archive data, on the other hand, consists all related information following the maintenance purpose, for example, inspection plan/manual, damage/repair record etc. which is continuously obtained during the bridge lifecycle, from design and construction, to operation and maintenance (O&M) stage.
1.2 Bridge alignment
At the very early stage of maintenance project, the engineer needs to rapidly reconstruct 3D models from existing 2D blueprints, therefore proportions and form can be better appreciated. In this regards, the bridge alignment is the main factor for design process as well as geometric control on later. Bridge alignment does not only give a clearer feel for what the final model will look like, but also creates a premise for analysis model for assessment purpose. By alignment-based parametric modeling approach, the entire bridge model can be generated by a combination of horizontal/vertical alignment and a few definition of the section profile. Depending on different tasks in the design process, a chain of bridge alignment is identified. For example in a box-girder bridge which can use 3 types of alignments related to the stiffening girder elements: “top-surface line” for geometric control of fabrication/assembly or auxiliary works, “centroid-line” for 3D geometry generating and analysis model, and “bottom-surface line” for deflection observation in the inspection work in O&M process on later.
1.3 Object-oriented 3D geometry model
Nowadays with the rapid and robust development of IT technologies, virtual 3D design including surface model can be easily generated, and the reproduce progress can be performed directly. Especially in the manufacturing process, reverse engineering help engineers to bring the existing physical geometry into digital product development environment, rapidly make a digital 3D record for the further task. The surface model can be captured easily by 3D scanning technology or image processing from simple photographs (see figure 1). The accuracy of a reversed surface model depends on the applied technology. Comparing with 3D scanning technology, image processing just requires a simple camera for acquisition instead of an expensive special device, and save recording time.

Since the surface model is reconstructed, in conjunction with the available 2D drawings it is possible to parameterize the entire 3D model in order to generate 3D digital information model. Photogrammetry analysis process can help engineer to obtain the physical attribute information from surface model as the input data for the parametric modeling such as object dimension or distance, spacing etc. Parametric modeling based on BIM technology can be considered as the most innovative and modern technologies for designers. By the flexibility of design variables, all optimization and revision procedures can be automated and full-in-range controlled. During the design process, the geometric definitions or even conceptual definitions can be varied anytime. In this regards, two types of the algorithm should be distinguished: one describes the shape and the other describes the position, orientation, or constraint of the geometric object. Corresponding to each parameter, a chain of the algorithm will be varied to decide the type of parameters. A geometric object is usually built from points, lines, and planes, and the parameters of only one type of these object features are used to specify the geometry. The algorithm to create the geometry of an object is based on linear equations of curves and surfaces in the Euclidean three-dimensional space, whereas most exterior orientation parameters are based on the matrix operations.

In order to enhance design performance, smart algorithm-based 3D information models need to be reused for different construction practices of design, analysis, estimation, multi-dimensional simulation, and especially for maintenance. Figure 2 proposes an essential strategy for the digital mock-up of the information system. An integrative work between a CAD program and a programing language was launched by the aid of application programming interface (API). The common API can ease the work of programming graphical user interface components by accessing database system. It also can facilitate the integration of new features into existing applications especially if using an open-source programming language, which is strong and fundamental enough for the integrated purpose. Moreover, the API is able to assist otherwise distinct applications with sharing data, which can help to integrate and enhance the functionalities of the applications.
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Figure 1: Reversed surface model for bridge by photograph mapping concept
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Figure 2: Concept for 3D digital model by open-source API
1.4 Archive data
As mentioned above in data schema, due to the object-oriented concept of 3D information model, each structural element has its own archive data list, which consists all the inspection and monitoring records. Archive data in the CDE (common data environment) is the kind of inactive or superseded information. For maintenance purpose, refer to AIM maintenance in PAS 1192-2:2013, the "Opex-start" point in the information delivery circle is right after the handover point and start of the O&M process. Therefore archive data needs to be observed from the very early stage of a maintenance project. Along with the reverse process of surface model, damage records can be simultaneously generated and attached to the surface model by the corresponding object ID.

Depending on different types of a structural member of the bridge, the damage type of each member should be classified. For a concrete member, the regular damage type is surface crack, leakage etc. meanwhile the steel member commonly suffered rust, failure, loosening of bolt or damage to weld etc. Additionally the negative effect of abrasion or deformation, coating separation probably affect both. Inspection works commonly based on the visual observation and the main activity is describing the damage of the structure by technical format. From the process of visual observation and hand-drawn description or photograph, there may some inconsistent error occurred. Therefore the concept of image processing is proposed in order to enhance the productivity of inspection work. Structure photographs are taken and the process of image processing is conducted. Edge detection algorithms are used through an open-source programing language, which integrated into the site inspection system. By image tracing conversion (as so-called raster-to-vector conversion), damage report is generated without any discontinuity or deficiency. Since this kind of digital technical information in the vector graphic format is created, it is efficient to collect the crack profile as well as calculating the length and width of cracks. The surface where crack occurred can be found from the initial 3D model by known specified object ID. Finally, the technical drawing of crack will be mapped into the target surface and update inspection information back to the initial 3D model in digital format. Noteworthy that, nowadays with the aid of mobile/wearable devices which integrate the data processing features as a mini-computer, e.g. an augmented reality device (or even a tablet with appropriate software), engineer now can perform all the inspection task easily. On the other hand, damage report in technical format can be quickly generated and upgraded back to the management system at the same time.

3       DATA MANAGEMENT SYSTEM
The common data environment (CDE) for a bridge stores all information related to the physical features of that bridge, which can be gathered from design and construction phase, and upgraded from inspection and repair records. As mentioned above, according to the information requirements for maintenance, the database system is classified by structural elements and their constraints, which is represented by element ID. The database system can be distinguished into three types: asset database, inspection database, and repair database. The BIM-based parametric model now can demonstrate its outstanding features in term of archiving, exchanging as well as delivering information, which absolutely preserves the accuracy of information. The inspection database can be collected primarily from regular or major inspection through an inspection contractor and synthesized into the bridge condition evaluation reports, which used as a basis for the proposed plan of maintenance work. After repair works, the repaired database including the date of repair works, repaired as-built model etc. will be updated to the initial asset information.
4       ANALYSIS MODEL
Through the proposed data schema, the initial model for digital twin model is generated, which consist of the object-oriented 3D geometry model as well as all archive data from monitoring/inspection process. Basically, the digital model-based bridge maintenance system has two modules: information management system and site inspection system.
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Figure 3: Modules of initial bridge maintenance model
Figure 3 shows the modules of initial bridge maintenance model. The first module is the BIM-based information management system including the defined digital models with data schema, using parametric modeling concept and API aided design tools. It can be considered as the backbone of the information management and provides assessment model. It is necessary to cover the full in the range of establishing maintenance information concerning inspection EIR and current conditions. The second module support site inspection by generating various data to describe current conditions of bridge. Technical damage reports, even inspection/repair history and records are updated to the first module. The updated system helps maintenance decision making as well as input data for the analysis model of assessment purpose.

Twin model concept lies on the parallel aspects of two models: physical 3D models with damage or deterioration records and analysis models considering change of structural parameters by the damages. Material properties of concrete, for example, are time variable parameters. Cracks, material degradation, corrosion of steel elements are considered as the reduction of the structural parameters. Analysis model updates can be conducted by interoperable process (see figure 4). Defining structural parameters by the damages is challenging task for engineers. Load tests, which are done in certain period, can verify the change of the analysis model.
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Figure 4: Interoperable Analysis model
Analysis model should be constructed from the design stage and updated through the whole life of a bridge. The structural 3D model is derived from the 3D geometric model but using different bridge alignment. Commonly the "centroid-line" of structure is used, and the structural member is represented by wireframe diagram or knots. In this regards, FEM specification needs to be taken into account when engineer defines the bridge alignment, in order to quickly analyze and leave the basic assumption for the near-future structural behavior. Noteworthy that, the purpose of this analysis model is for prediction of the consequent behavior of bridge. The accumulation of damage history of the physical models and the analysis models can be used for more reliable prediction of future performance of the similar bridges. The assessment model can be derived from the twin model at anytime as data retrieval, significantly help the client to orient long-term strategy of bridge maintenance.

5       CONCLUSION
This paper proposed a new framework of maintenance work using a digital twin model concept. One part of research work include a bridge maintenance system with site inspection module. The digital model with realistic damage records provide much improvement of bridge assessment process.

In term of maintenance purpose, the following conclusions were derived from this paper:

•
For digital model-based BMS, the data schema was defined to accumulate necessary information for management. By using the open-source BIM platform, all O&M manager or other stakeholders can easily access and handle all the information within the BMS through object ID. Interoperability of 3D bridge information model should be considered. Information specification and data exchange need to be early specified. Parametric modeling has seen a key-refine for the object-based information system. By using only a few fundamental parameters and algorithms to build up some unique structural member as well as bridge alignment, the designer now can generate the entire bridge model with thousand members with the desired LOD. 

•
Inspection work needs to be a closed digital process. Surface damage inspection can be performed by engineers through the aids of mobile/wearable devices. Damage report in technical format can be quickly generated and updated back to the management system in short time, which is more efficient than conventional one. Development of communications technology allows engineers to browse data wherever they have accessibility to BMS. Both modules of proposed BMS can simultaneously share and exchange inspection or stored data. They are possible to handle their own work and to make decisions, even if they are not in the same place. Moreover, it helps to avoid work duplication and loss of data.

•
From the twin models of physical and analysis, maintenance team now can easily access the current condition of the bridge as well as assess the structural behavior of bridge under certain conditions. Structural deterioration and aging are included in the information flow during bridge service lifecycle, significantly supports the client’s strategic decision making and maintenance planning.
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