

ABSTRACT: Structural Health Monitoring (SHM) is nowadays a robust technology for remote and automatic assessment of the health state of civil structures even in the presence of varying environmental conditions that might affect the structural response and, as a consequence, the reliability of SHM results. In order to enhance the damage detection capabilities of SHM systems, the integration of experimental data and numerical simulations by refined Finite Element (FE) models is currently object of extensive research. The current structural condition as well as relevant historical data have to be taken into account to have an up-to-date representation of the actual physical system in operation. Digital twins can play a primary role in this context by fully exploiting the integration of experimental data and numerical simulation in supporting anomaly detection and structural maintenance. Building Information Modeling (BIM) is currently recognized as an attractive solution for digital twin development thanks to the possibility of collecting miscellaneous data and information in a unified platform and to its interoperability with FE codes; however, the extension of BIM to facility management is still an open issue, in particular when the digital models have to be complemented with data coming from SHM systems. The present paper aims at demonstrating how an effective integration of BIM, FEM, and experimental data from SHM systems is possible by focusing the attention on an applicative example related to the development of a digital twin of a historical structure. Integration of SHM data, BIM, and finite element model updating is illustrated pointing out its promising applicative perspectives for structural maintenance.Integrating OMA, BIM and FEM updating for SHM of historical structures
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introduction
Structural Health Monitoring (SHM) is nowadays a robust technology for remote and automatic damage detection of civil structures, and it can play a primary role in supporting structural assessment and maintenance of civil structures [1]. In civil engineering modal-based SHM is frequently applied because it is a global SHM approach which can take advantage of the integration with advanced machine learning tools in order to carry out effective and purely data driven anomaly detection [2]. However, research in civil SHM is being increasingly focused on the integration of advanced numerical modelling and simulation tools into the SHM process because of the opportunities it can provide to enhance SHM system capabilities in data interpretation [3]. An effective integration of automated Operational Modal Analysis (OMA) procedures, able to ensure a continuous monitoring of the fundamental modal parameters [4], and advanced numerical modelling and simulation is definitely a challenging task, also because of the sensitivity of experimental modal parameter estimates to environmental effects; so, the latter must be properly taken into account in data processing to ensure the reliability and robustness of SHM [5].
Building Information Modelling (BIM) is also increasingly applied in civil engineering. Its potential in enhancing the exchange of information between the technicians involved in the design and construction process, and in optimizing construction time and costs is currently well-established, as recognized also by recent codes [6, 7]. The potential of BIM is not limited to newly built structures; research and development in the field are in progress in order to fully exploit this technology for management, maintenance and rehabilitation of existing structures. However, such applications are still relatively limited. In spite of this circumstance, the opportunity of exploiting BIM to support structural maintenance and extend the lifespan of existing structure can be envisaged [8, 9]. Thus, the integration of SHM and BIM is definitely an attractive option to effectively support the structural maintenance of existing civil structures and infrastructures: the integration of SHM data and advanced structural modelling is indeed a fundamental step towards the implementation of proactive structural maintenance strategies. However, such an integration requires effective and automatic data processing procedures for damage detection, on one hand, and the ability to transfer SHM data to the BIM model; in this framework, the latter therefore becomes a platform for data collection and exchange able to simplify the interaction between SHM systems and numerical simulation tools. In fact, data and information coming from the SHM system can be made immediately available to enhance numerical modelling and simulations, and the results of model updating can provide additional useful information about the current health state of the monitored structure. The previous discussion confirms that the integration of advanced SHM systems, such as modal based SHM systems based on automated OMA procedures, BIM and FE model updating can result in an effective Facility Management (FM) tool, allowing the collection and management of data and information coming from different sources: design and construction documents, results of scheduled inspections and maintenance interventions, as well as relevant data from SHM systems and advanced numerical simulation tools.
The possibility of collecting heterogenous data and information, including those pertaining to SHM, and the interoperability of BIM [10] are the pillars for the development of a FM tool based on the integration of BIM, on one hand, and advanced SHM technologies and numerical simulations, on the other hand. 
When BIM is applied in the context of structural management and maintenance, it is commonly referred to as 6D BIM. It represents a shared knowledge resource spanning the entire lifecycle of the structure [11]. The effectiveness of 6D BIM in the management of structures can be further enhanced by the integration of data and information coming from advanced SHM systems. In fact, as a result of this integration, models, created in the design or evaluation phase, are enabled to follow the changes occurring during the lifecycle of the structure [12-14], including those caused by environmental and operational variables.
Recent Italian codes refer to BIM as a mandatory design methodology in the public construction sector [7 ,15]: this circumstance has given an impulse to the development of integrated structural assessment methodologies relying on BIM [16-18]. However, the integration of BIM, SHM, and FE model updating currently needs for additional research efforts to yield a unified FM platform able to effectively support structural assessment and maintenance of existing structures over their lifespan.
The present paper illustrates an applicative example to a historical structure aimed at demonstrating how relevant data and information coming from SHM systems can be transferred into a BIM model of a structure to make them available for interrogation and further analyses, including FE model updating. Data exchange between SHM system and BIM is discussed, first. Vertical interoperability [10] is considered afterwards because it plays a primary role in the integration of numerical simulations into the process. Thus, how to access a CAE software and automatically set a FE model of the structure, starting from the available BIM model, has been explored, and the possibility of using the resulting FE model for the development of a FE model updating engine able to continuously update the model following the evolution of SHM data over time has been investigated. As a result of this integration, a digital twin of the structure is effectively set, and its potentialities for structural assessment, including accurate numerical simulations as well as indirect monitoring of selected updating parameters, are illustrated.
Digital twin development
Case study
The large architectural heritage exposed to medium or high seismic risk in Italy requires the implementation of appropriate SHM and modeling strategies to ensure its conservation and design appropriate interventions. In this perspective, the most challenging aspect is in the need of balancing the opposite needs of mitigating the probability of loss of unique artefacts on one hand, and of minimizing the impact of interventions in agreement with the principles of conservation and restoration, on the other hand. A possible, non-destructive approach to enhance the knowledge about the structural behavior under operational conditions consists in taking advantage of the results of dynamic monitoring in terms of modal parameters to calibrate and continuously update a FE model of the structure, as recognized also by the the Italian guidelines on seismic protection of historical buildings [19]. The refined model, can be used to support either design of structural interventions [20] or data interpretation in the context of continuous modal-based SHM applications [21]. In this framework, BIM provides interesting opportunities for the integration of the different components involved in the process (surveys and non-destructive tests, SHM, FE modelling and model updating, structural design, and so on) into a unified data management framework able to follow the evolution of the structure over time. The resulting continuously updated model offers interesting advantages since it is representative of the structure in operational conditions and able to effectively replicate the physical system into a digital environment, in agreement with the definition of Digital Twin (DT). In this context, efficient interoperability among the different technologies is fundamental for successful DT development. The integration of the different technologies involved in DT setting is herein described with reference to a real case study, the Tower of the Nations, a historical structure located in the area of the Mostra D’Oltremare urban park in Naples, Italy.
The structure was designed in 1938 by the architect Venturino Ventura after a national competition, and it is characterized by two blind and two completely see-through parallel façades, with elevator shafts and stairs located in the central part, and additional elements (walls, braces) aimed at increasing its lateral stiffness bearing capacity against horizontal actions. Another original aspect of the structure concerns the presence of alternate floors covering a half of the imprint area of the building. 
The BIM model of the structures has been set taking advantage of data information obtained from original design drawings and results of geometric and structural surveys, and from destructive tests on concrete drill cores and steel bars for the mechanical characteristics of construction materials. The geometric model of the structure, in particular, has been initially set by taking advantage of the interoperability between two commercial software by Autodesk, AutoCAD and Revit. This allowed to import data (layers, attributes, and geometry of any CAD object) from AutoCAD to Revit precisely and without loss of information, thus simplifying the construction of the 3D model of the structure starting from 2D design drawings in .dwg format. In addition, the modal properties of the structure in operational conditions have been estimated by OMA tests [20].
Integrating SHM and BIM
The present section presents and discusses a possible approach to the integration of SHM, BIM and Fe model updating for the development of a DT of a historical structure. Off-the-shelf tools are exploited to achieve a straightforward and effective integration. To this aim, specific attention must be focused on the two technological layers devoted to data storage in a common format, on one hand, and to data transfer, on the other hand. The latter, in particular, should be bidirectional, so that experimental data collected by the SHM system can be used to update the DT of the structure, and the results of continuous FE model updating can in turn support the interpretation of the SHM data. 
The Dynamo (http://dynamobim.com) open-source visual programming language was used to achieve an effective integration between BIM and SHM and to add automatic data transfer and processing capabilities to the BIM model. The Dynamo software can run stand-alone; however, in this context, the possibility of using it as a plug-in for other software of the Autodesk family, such as Revit, was exploited.
The BIM model of the Tower of the Nations was set after a survey of the available libraries of editable and parametric families in Revit. Elements such as beams, columns, floors and walls are part of the “System” Families, but no default families are available for the typical technological components of SHM systems. Thus, new Revit Families were created, first, in order to insert new information of different nature in the same work environment: the newly created families hold technical information about the SHM equipment and make possible the definition of the positions of SHM equipment into the model and their possible interferences with the ordinary activities. This issue has critical relevance in particular in the case of healthcare facilities [22] and bridges [23], and of historical structures in the presence of decorated surfaces [24]. 
Once families for sensors and data acquisition system have been created, the corresponding elements have been symbolically introduced into the BIM model (Figure 1) and interfaced with the actual physical devices. The technical features of the sensors and data acquisition system have been inserted into the model through the "Properties" section of the corresponding family. It is worth pointing out that the SHM system must be represented as an integral part of the structure: as a consequence, the measurement equipment and the cable paths have to be explicitly reported in the model (Figure 2).
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Figure 1. BIM model of the Tower of the Nations.
Data transfer between the SHM system and the BIM model is based on the creation of a direct correspondence between the database of the BIM and that of the SHM system collecting the experimental data. After this correspondence has been set, data transfer has been carried out by an appropriately developed Dynamo code. For the present application, in the absence of sufficient experimental data, the database of the SHM system was represented by a relational MySQL database collecting simulated data about the evolution of the natural frequencies of the fundamental modes of the structure over time.
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Figure 2. BIM representation of SHM equipment.
The experimental modal data transferred to the BIM model have been further processed by the Dynamo code to characterize their statistics; Dynamo code has been also developed to export the modal data to the FE model updating component of the DT. However, the latter requires also the availability of an accurate FE model. To this aim, interoperability plays a primary role. Lossless data and information exchange plays a crucial role in the integration of the various Construction, Architecture, and Engineering (CAE) disciplines. In the context of the present study, attention has been focused on vertical interoperability, that is to say, on the transition from a geometric (CAD) model to an analytical (CAE) model for structural analysis. The transition from CAD to CAE can be achieved by one of the following strategies: export the model in the Industry Foundation Classes (IFC) open-source format or, alternatively, by applying an appropriate plug-in software. 
Unfortunately, the transfer based on the IFC standard was ineffective for the purposes of the present application. Thus, the CAD to CAE transition was obtained by taking advantage of the CSiXRevit plug-in. This ensured the reliable import of the model into the SAP2000 FEM software without any error.
In order to assess that an effective integration of the different technologies into a DT of the investigated structure was achieved, the simulated SHM data collected in the MySQL database and replicating the effects of temperature on modal parameters and of random measurement noise have been used to check the effectiveness of data transfer from the SHM system to the BIM model, and the opportunity of using the data from the SHM system for continuous model updating. 
The obtained results show that an effective transition from CAD to CAE made possible the execution of repeated and fully automated model calibrations in order to follow the evolution of structural parameters resulting from the influence of temperature. As a result, a DT representative of the structural behavior in operation and able to replicate the structural response under varying environmental conditions was obtained (Figure 3).
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Figure 3. Indirect tracking of concrete Young’s modulus in the presence of temperature effects.
CONclusions
The present paper discussed the setting of a DT of a historical structure by taking advantage of the integration of different technologies (SHM, BIM, FE model updating) into a unified environment. Data of different nature (geometry, structural configuration, experimental data about the structural response and material properties) have been managed and different interfaces among BIM, SHM and FE model updating have been tested. Newly defined families have been used to transfer data from the SHM system to the BIM model by a Dynamo code developed fir the present application. The achieved integration resulted in the possibility of carrying out a continuous update of the FE model based on the experimental data collected by the SHM system. 
The experience gained in the context of the present study remarked the critical role of vertical interoperability, since the reliability of the CAD-CAE transition had a significant impact on the possibility of integrating the FE model updating in the process. The present application also demonstrated how the DT can be used to expand the data processing capabilities related to structural health assessment. Encouraging results have been obtained in terms of capability of indirectly tracking the evolution of the material properties induced by environmental effects. However, further studies are needed to extensively assess potential and limitations of the proposed approach for DT development of civil structures. developed integrated technology for DT implementation. 
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