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Abstract

:

Monitoring of critical civil engineering infrastructures has become a priority for public owners and administrative authorities. Several laws and regulations have been issued on this topic, emphasizing the crucial role of Building Information Modeling (BIM)- based procedures for the design and management of civil infrastructures. This study aims at examining the potential of an interoperable and upgradeable BIM model supplemented by ground-based non-destructive survey data, such as Mobile Laser Scanner (MLS) and Ground-Penetrating Radar (GPR), for the analysis of the potential distresses identified in a transport infrastructure’s pavement. The main goal of the work is to implement an infrastructure management process that aims to reduce the limits associated with the separate observation of these assessments and to provide a more efficient way to store data regarding the status of a linear transport infrastructure, to the advantage of an integrated analysis. As on-site surveys are carried out, preliminary analyses on the condition of the inspected infrastructure are performed by relying on the information provided by Non-Destructive Testing (NDTs) inspections. Subsequently, a digital informative model capable of storing the data obtained by the surveys is generated, integrating both the MLS and GPR information to accurately represent the status of the infrastructure’s pavement in a three-dimensional environment. Data obtained from these instruments were used as the input for the digitalization process, making use of parametric digital elements capable of adapting their configuration to the information provided by the NDT surveys. As more analysis on the surveys’ results is carried out, potential distresses in the deep layers of the pavement are identified, and the information related to these elements is then integrated into the BIM model previously created. The process hereby described allows for an analysis of the three-dimensional configuration of the pavement, along with potential distresses and their location into the road’s superstructure. This digitalization process has shown promising viability for data management aimed at supporting asset managers in various management phases.
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1. Introduction and Literature Review


Currently, vehicular traffic is increasingly growing and becoming more demanding of the integrity of transport infrastructures and their components than ever. In this context, Structural Health Monitoring (SHM) of these critical civil engineering assets has become ever more a priority for administrations and stakeholders around the world, as it stands as a crucial activity for preventing negative impacts on the structural stability and operational safety of transport infrastructures. To achieve such an objective, it is necessary to develop a viable methodology to optimize the process of monitoring, data acquisition, storage and subsequent maintenance activities.



Non-Destructive Testing methods (NDTs) have gained momentum in the last decade as cost-effective infrastructure monitoring tools, since they have been successfully applied to achieve extensive and efficient assessments without compromising the civil infrastructures’ structural integrity [1,2]. Among these techniques, Mobile Laser Scanner (MLS) and Ground-Penetrating Radar (GPR) applications throughout the civil engineering field have been thoroughly analyzed, in order to study the implementation of their information in transport infrastructures management processes. GPR has been used in different instances to collect useful data for multiple assets of civil engineering works [3]. Moreover, its use in pavement monitoring has been tested and carried out in numerous occasions, proving its effectiveness in detecting possible damages and the conditions of the inspected infrastructures [4]. Furthermore, the combined use of GPR with other NDTs can provide a more accurate insight into the infrastructure condition and the possible maintenance necessities that it might present [5,6,7,8]. Indeed, these NDT surveys are usually conducted separately by different operators, and the outputs that they provide are generally analyzed independently from one another. Conversely, a unified environment that stores and updates this information over time, while allowing an integrated analysis of both datasets, would be crucial to ensure that the assessments are conducted more efficiently.



Building Information Modeling (BIM) appears to be the best available approach to guarantee that such an objective can be reached. In fact, as a result of a European political movement, the advance of BIM procedures has been firmly supported in the field of civil engineering, by means of national and international legislations and directives [9]. This is the case of Italy, where specific regulations have been issued by the Ministry of Infrastructure and Transport (MIT), introducing the implementation of BIM-based procedures for the design and construction of new civil infrastructures [10,11,12]. BIM has long been used for managing the design processes of architectural works, and it has found great success in the building’s field [13,14]. Road infrastructure can represent more complex systems relative to a building, as issues and interferences between their assets are numerous. The creation of a complex and collaborative digital model is then needed, although many procedures are not yet widespread, especially in the field related to monitoring and maintenance. In this context, BIM-based procedures for transport infrastructure projects and design are being investigated, and different research studies have been developed, describing the advantages that this methodology can bring to this sector of civil engineering [15,16,17,18]. In particular, this methodology has been studied in the context of life-cycle assessments of infrastructures design as well as its role in achieving sustainability of new civil engineering projects [19,20,21,22]. Moreover, specific guidelines on risk classification and management, safety assessment and monitoring of existing bridges have been issued in Italy [11], following the collapse of the “Polcevera Bridge” in Genoa in August 2018, which created 43 victims and had several implications for the economy of the entire country [23]. These regulations expressly stated that the use of BIM-based management techniques for existing civil infrastructures must be implemented, even if only on an experimental level. These issues confirm how civil engineering and, more specifically, transport asset management are going to develop in the near future, as confirmed by several recent research studies regarding the use of BIM for transport infrastructures monitoring, maintenance and NDT data integration that have been developed in recent years [24,25,26,27]. Specifically, a series of research has used BIM processes to integrate pavement data obtained through different survey techniques [28,29]. Moreover, infrastructure of particular relevance such as airports has also been the subject of studies related to the use of BIM for existing transportation infrastructure [30,31].




2. Objectives


This study represented a step towards asset data management through the use of digital informative models. As MLS and GPR surveys are usually conducted by road owners and contractors to analyze the conditions of infrastructures, the aim of the research was to study a viable process to store the results of these inspections in a single environment. This would allow to perform an integrated analysis of the data extracted from these instruments, as they are usually analyzed separately, to allow a better understanding of the conditions of the infrastructure’s pavement. BIM was identified as the more appropriate methodology to achieve such an objective, as its core objective is to create digital models that can contain information regarding the object they represent.



This study aimed at defining a viable process to generate a BIM model of infrastructure, integrating multiple NDT technologies data outputs collected by several sources, to provide a useful tool for planning maintenance activities of the investigated infrastructure and guarantee a more thorough analysis of its condition. Moreover, a three-dimensional digital model of the road’s pavement and its different layers can ensure the inspection of certain elements of the infrastructure that usually cannot be reached by on-site operators. As both MLS and GPR data were implemented into the digital model of the road, potential pavement distresses could be identified in the deep layers of the superstructure and subsequently integrated into the process. This provided a more comprehensive analysis of the pavement’s conditions and an effective tool to store information regarding possible deteriorations that could cause damages which can affect the structural integrity of inspected infrastructure. Such a model could then be updated over time, analyzing the potential development of the identified distresses to determine the most effective and efficient maintenance program. As presented in the previous section of the article, different papers regarding the integration of NDT data in BIM models have been presented in the last years. However, the combined use of MLS and GPR data to define a digital model of a piece of infrastructure’s pavement is a subject that has not been found to be explored enough in the analyzed literature. Moreover, the implementation of data related to possible distresses and deteriorations of pavement’s deep layers into a digital model represented an innovative concept in the monitoring activities related to the transportation infrastructure sector.




3. Methodology


The BIM methodology is based on the generation of digital informative models capable of integrating multi-source and multi-scale information related to the object they represent. Such a tool can be especially useful in civil engineering applications to ensure that data collected during surveys and monitoring activities are managed and properly stored, improving the maintenance and the management activities related to transport infrastructures. Moreover, this process can be applied to any phase of the infrastructure’s life cycle, guaranteeing a continuous system to manage a particular project from its design phase to the construction and subsequent management stages. In this context, BIM procedures can be identified as suitable solutions to store, visualize and process data obtained from on-site surveys of existing civil infrastructures, integrating the analyses of their conditions into a unique environment.



In this study, a process for data integration implementing a BIM model of a road’s pavement is presented. As MLS and GPR surveys were conducted over a piece of infrastructure, the resulting data were processed and used to generate a three-dimensional digital model of the pavement’s superstructure, characterizing the configuration of its deep layers and identifying possible deformations that could result in damages and risks for road users. Moreover, subsequent analyses of the GPR data can detect possible distresses inside the pavement. This information was then included in the digitalization process by generating digital representations of the identified deteriorations that can contain crucial information such as the type of detected distress or the day in which the inspection was conducted. Figure 1 shows a schematic representation of the process hereby described.



The proposed methodology aimed at defining a process to manage data obtained by on-site surveys. These operations are generally conducted by different operators, and their results are then analyzed separately. Moreover, data storage and management are typically tasks that can present difficulties, and data loss could impact the maintenance phases of a particular infrastructure. By defining a method to store the information obtained from MLS and GPR surveys in a unique digital environment, integrated analyses can be carried out, and data loss can be reduced. Furthermore, even though different pieces of research have been conducted on the integration of NDT data in BIM models, the use of GPR data to define the configuration of a pavement digital model and its possible distresses is still a subject that has not been explored enough in the existing literature.



The proposed process was based on different stages, which will be described in the subsequent paragraphs. After the first phases of on-site survey and data processing, specific digital parametric objects were generated into a BIM environment, capable of adapting their configuration in relation to the information provided by the GPR and MLS inspections. These elements were therefore implemented to define the digital model of the road pavement, thus reconstructing the different layers of the superstructure, as well as the deteriorations detected during the data processing phase. The methodology hereby described could rely on real data, which were obtained during a series of surveys carried out over a stretch of a highway, located near the city of Salerno, in southern Italy. These inspections were performed in the context of the National Project “Extended resilience analysis of transport networks (EXTRA TN): Towards a simultaneously space, aerial and ground sensed infrastructure for risks prevention” (PRIN 2017), which is supported by the Italian Ministry of Education, University and Research.



3.1. Survey Data Management


The first phase of the process presented in this study consisted of the management and processing of NDT survey data. In particular, MLS and GPR inspections were performed, and their outputs were analyzed. By relying on an MLS, an efficient scan of the infrastructure was performed, as the travelling speed of the vehicle did not impede the regular traffic flow over the highway. Moreover, a ground-coupled pulsed GPR system equipped with a multifrequency antenna was employed, requiring the interruption of traffic flow and the temporary closing of the infrastructure.



3.1.1. Ground Penetrating Radar


The widely used geophysical technique known as GPR makes use of data from electromagnetic (EM) field propagation to examine important subsurface features [32,33]. The propagation process is controlled by the characteristics of the particular device and the properties of the tested material. In detail, a source internal to the GPR system emits an EM impulse that is partially back-reflected and partially transmitted beyond, at any given dielectric contrast encountered throughout the medium. Imaging of the subsurface features in two and three dimensions is possible thanks to the collection of such diffractive events through a receiving station.



GPR technology was applied for inspecting the selected road stretch. Particularly, the Hi-Mod 200–600 ground-coupled pulsed GPR system manufactured by IDS Georadar S.p.A. was employed. The system is equipped with a multifrequency antenna working at the central frequencies of 200 MHz and 600 MHz.



GPR was able to inspect both shallower and deeper details of the infrastructure’s pavement due to its multiple frequencies and resolutions. A regular grid of scan lines was defined over the road in order to gather an accurate dataset of georeferenced GPR scans. More specifically, the grid’s resolution varied depending on the direction of the scan (i.e., longitudinal, transversal). In particular, for longitudinal and transverse scans, the distance between the two scans was set between 1.0 m and 2.0 m.



The scan direction’s horizontal resolution, namely, the distance between one acquisition and the next, was set to be the same for both directions and equal to 0.05 m. The acquisition parameters are summarized in Table 1.



The acquired dataset was subject to a typical processing routine in order to maximize the signal-to-noise ratio and to raise the reliability of the interpretation phase:




	
Zero cutting;



	
Band pass filtering;



	
Background noise removal;



	
Migration.








The interpretation of the processed data allowed the detection of key geometric information concerning the configuration of the pavement layers. By observing a GPR Scan collected in longitudinal direction, it is clearly possible to recognize and measure the elements of the bridge included into the analyzed road stretch., as reported in Figure 2.



The time–depth conversion has been carried out by measuring the EM waves propagation velocity v by the equation [33]   v = c /    ε r     , with the dielectric constant er being calculated by hyperbola fitting method [32], which returned values of 6 and 8 for Hot-Mixed Asphalt (HMA) and concrete layers, respectively.



To facilitate the subsequent phases of the study, the results of these inspections were also provided in the form of a matrix containing the HMA layer depth values in respect to the position across the grid. Moreover, through the analysis of the tomographies at progressive depth, it was possible to detect spots of inhomogeneities in reflective behavior, which are likely to be related to distress inner to the pavement. Indeed, as these inspections were carried out over stretches of infrastructure that included a bridge, where delamination, rebar corrosion or branching cracks are observed, it is envisaged a variation of EM response given by the different dielectric contrast between concrete and rebar.



By repeating such an analysis at progressive depth, it was possible to both confirm the distress by checking the spatial coherence of inhomogeneities between different tomographies, and to define a thickness of the pavement interested by the potential decay.



All the acquired information were strategic in supporting the digitalization process of the infrastructure. As an instance, Figure 3 shows a HMA thickness map obtained by measuring across the inspection area the thickness of the HMA-bond layer.




3.1.2. Mobile Laser Scanner


The second NDT survey was conducted implementing a MLS, a surveying technique that is particularly useful for applications on roads. It makes it possible to collect 3D data from one or more mobile platforms with mounted laser scanners [34,35]. When the first mobile systems using LiDAR (light detection and ranging) technology first appeared in the late 20th century, this technique was introduced. Over the past 20 years, it has evolved and become widely used. Given the system’s adaptability and effectiveness, practical applications in the fields of infrastructure engineering have received more attention recently. This technology provides a three-dimensional point cloud, representing the geometrical configuration of the civil infrastructure analyzed. As the laser signal is emitted from the instrument, it is reflected by any object it encounters with different levels of intensity, which can be shown by means of a chromatic scale. By measuring the time between the emission of the signal and its return after the reflection, the distance between the analyzed object and the instrument can be determined.



The mobile laser scanner (Road-SIT Survey, created by Siteco Informatica s.r.l.) mounted on the roof of a car traveling along a motorway collected the data. Two Faro CAM2 Focus laser scanners were mounted symmetrically on the left and right sides of the measuring head, pointing around 45 degrees toward the back of the vehicle (‘X’ pattern). The mirror speed of the laser was 96 Hz, and its acquisition frequency was 976 kHz. As the vehicle traveled at 90 km/h along the analyzed stretch of a highway, a resulting point cloud with a density of around 4000 points for m2 was obtained. The resulting scan lines had an angular range of 320° and a distance range of 80 m, and the distance between scanning lines was approximately 11 cm.



The obtained point clouds have been georeferenced by relying on the coordinates acquired by on-site GNSS measurements, which were later combined and imported into the same digital environment. The area corresponding to the pavement was isolated and used to generate a Digital Terrain Model (DTM), from the point cloud associated to the entire infrastructure (Figure 4). These outcomes are strategic for the subsequent phases of the work. In fact, from the defined DTM, the digital model can determine the configuration of the road’s superstructure by subtracting the depth of a certain layer of the pavement, which is determined by the GPR data. Moreover, this digital element was also used to define the elevation profile and the horizontal configuration of the road that the digital model needs to emulate. Furthermore, three-dimensional polylines can be extracted from the point cloud along the road markings, to be used as ground-control targets for the parametric components of the digital model, as described in the next stages of the procedure. Additionally, these polylines can also be used to replicate the road markings into the digital model of the infrastructure once the model is created.





3.2. Creation of Digital Parametric Objects and Data Integration Processes


The subsequent phases of the proposed methodology were based on the integration of multi-source NDT data, obtained from the different surveys, in a process aimed at defining a digital BIM model of the inspected infrastructure. This was crucial for a more comprehensive interpretation of the survey’s outputs, as well as for the analysis of the infrastructure’s conditions. In addition, the BIM model of the road allowed for the analyzation of multiple sources of data (i.e., GPR, cloud points) at the same time into a single environment. For this purpose, specific parametric digital objects have been developed. These elements are capable of detecting the information obtained from the NDT surveys and adapting their configuration to generate a three-dimensional digital model of the pavement. Furthermore, one of the main advantages of the proposed procedure was related to the possibility of detecting potential damages and deteriorations, integrating the information derived from multi-source technologies into the BIM model.



For this purpose, the first parametric object created was a road’s cross-section, capable of integrating data from both GPR and MLS surveys by adapting the configuration of its layers in relation to the information provided by these inspections. As demonstrated in previous publications [27,28], this element was very effective for defining a three-dimensional representation of the pavement. Different types of this cross-section have been developed in order to guarantee that data obtained from both air-launched horn antenna and hand-towed ground-coupled GPR could be used. Namely, these surveys provided different resolutions and accuracy of the information related to the road’s superstructure configuration. For the current study, a cross-section capable of integrating data obtained from a hand-towed ground-coupled radar was implemented in the methodology. For the experimental application presented in this study, the first layer of the pavement’s superstructure was modeled in accordance with the GPR results.



The three-dimensional polylines that were generated from the MLS survey’s point cloud worked as targets to start the pavement’s modeling process. It was then possible to replicate the plan view and the profiles of the pavement surface by extruding the parametric cross-section along the longitudinal axis of the road, thus obtaining a 3D model that reflected the actual layout of the examined infrastructure. By combining the information from the GPR survey and the DTM provided by the MLS point cloud, the parametric section established the initial reference for calculating the depth of the HMA-bond pavement layer. Moreover, the matrix containing the HMA layer depth values was used to carry out this phase of the work, providing the needed data to the parametric elements to accurately represent the configuration of the HMA-bond layer of the pavement. This data can be effectively applied to generate a digital surface by treating this matrix as a point cloud. Three-dimensional objects were then extracted from this digital surface in order to offer the parametric cross-section of the required targets to carry out the digitalization process. Particularly, three-dimensional polylines were generated in line with the grid’s longitudinal GPR tracks. The parametric section could analyze the elevation of these polylines while it was being extruded along the infrastructure’s axis, all the while comparing it to the DTM derived from the MLS survey. The parametric section was then able to recreate the configuration of the hot mixed asphalt layer of the pavement, with appropriate estimates for the regions beneath the lane margins where GPR data were not available.



A second set of parametric objects was then created to integrate information regarding the possible distresses identified into the pavement. In particular, from the processing of GPR data, a pair of tomographies was selected to identify an area of the pavement possibly characterized by degradation. By considering the depth at which they were analyzed, a volumetric portion of the pavement that may be deteriorated can be determined between the top and bottom tomography (Figure 5). The digital elements hereby described can import this information into the digital model of the pavement, creating a three-dimensional representation of the distress. Moreover, this digital element can be integrated with useful information associated with the identified deterioration, such as the date of the survey in which it was detected or the type of distress and its possible solutions.



The tomographies obtained from the GPR surveys were georeferenced over the stretch of road where the surveys took place. This process allowed the acquisition of the necessary elements for the effective utilization of the parametric objects, required for the implementation of the proposed digitalization process. Subsequently, the outlines of the possible distresses were generated for each tomography by means of two polylines, one for each side of the investigated area, which were then used as targets by the designed parametric objects. Moreover, two pairs of polylines were created for each deterioration, one related to the deeper tomography and another to the more superficial one. In particular, once these were implemented, the depth of the analyzed tomographies was inserted as an input to determine where the digital model of the distress was going to be created in relation to the surface of the pavement. Furthermore, the parametric objects hereby presented functioned in the same manner of the cross-section previously described. In fact, starting from a two-dimensional shape, composed of four vertices and four sides, a three-dimensional digital element was generated by extruding this element along the detected damaged areas of the pavement’s layer. Following the outlines of these areas, the resulting model can reproduce the configuration of the distresses (Figure 6).





4. Case Study and Results


The experimental database exploited in this study was a result of a larger survey effort on a transportation network near the city of Salerno in the Campania Region of southern Italy. The goal of these operations was to assess the network’s general resilience to natural hazards, particularly landslides. A highway, a two-lane country road and a double-track ballasted railway comprising the transportation system were selected due to the recognized geomorphological concerns involving the entire Salerno area. The complete experimental campaign covered a total length of surveys of around 20 km, in accordance with the project’s primary goal.



Regarding the current study, only a section of the highway was taken into consideration for this initial application out of the entire experimental database gathered (Figure 7). More specifically, the motorway is composed of two carriageways with two lanes each. The carriageways are generally composed of 3 m-wide lanes, with 0.50 m-wide shoulders on each side. The proposed methodology was tested on a single carriageway of the highway, to perform the BIM digitalization process of the civil infrastructure. Both MLS and GPR surveys were conducted over an almost 9 km-long portion of the motorway, and for the latter a more thorough inspection was carried out with a hand-towed ground-coupled radar. Moreover, due to the more demanding conditions needed to perform this kind of survey, only a portion of the highway was analyzed through this instrument. As for this study, the goal was to use the data provided by this instrument to perform the digitalization process; the stretch of highway that was selected to implement the proposed procedure was the one surrounding the area where hand-towed ground-coupled GPR surveys were carried out.



4.1. NDT Survey Data Management


The MLS survey conducted over the infrastructure produced a point cloud for both carriageways. As a first step of the process, the area of the point cloud surrounding the GPR-inspected stretch of the highway was selected. The next phase consisted of the isolation of the cloud’s portion corresponding to the pavement’s surface. Subsequently, as previously described in Section 3.1.2, it was possible to extract a DTM from the managed data, to work as a reference for the following digitalization phase. Finally, three-dimensional polylines were obtained from the point cloud in correspondence to the road markings (Figure 8).



Moreover, the GPR survey was conducted over different prearranged grids, forming the multiple longitudinal and transversal tracks that the hand-towed ground-coupled radar needed to follow in order to obtain the expected results. For the current study, one particular grid was selected to obtain the data to carry out the proposed process. As this methodology is scalable in relation to the quantity of data provided to the digital parametric objects, a first application was implemented to test the viability and the functionality of these elements. In particular, the inspected area consisted in a 27 by 6 m grid, with intervals between longitudinal scans equal to 0.5 m, while the step between two transversal scans was 1 m.



Following the previously explained procedures, different results were obtained relating to the depth of the HMA layer of the road and the possible deteriorations present inside the pavement. In particular, an HMA thickness map describing the configuration of the first layer of the superstructure was extracted in form of a matrix of values. This information was used to create a digital surface, from which it was possible to extract a three-dimensional polyline for each longitudinal scan of the GPR. Each vertex of these polylines has a z coordinate corresponding to the HMA layer thickness in that particular spot of the grid.



Moreover, from the same GPR data potential deteriorations of the layers of the pavement were inspected. In particular, GPR tomographies generated at 10 cm and 40 cm below the pavement surface showed an area where the signal reflection differed from the surrounding portion of the analysis. As this discrepancy was detected in the same spot of each tomography, a possible distress that extended between these sections of the road superstructure was identified, as shown in Figure 9. These tomographies were imported into a digital environment in which it was possible to generate two polylines for each one of them, outlining the borders of the possibly deteriorated portion of the pavement.



The elements extracted from these analyses were georeferenced in relation to the coordinate system used during the surveys, to guarantee that the subsequent modeling process would refer to data correctly placed into a BIM-oriented digital environment. Therefore, at the end of the first stage of the procedure, a digital environment containing data from both MLS and GPR surveys was available. In particular, a DTM and three-dimensional polylines, corresponding to the pavement surface and the road markings, respectively, were obtained from MLS data. Moreover, GPR outputs were used to generate three-dimensional polylines, in line with the longitudinal tracks of the grid used to carry out the inspection. Furthermore, two pairs of polylines were defined as outlines of a possible deterioration inside the pavement, at a depth of 10 and 40 cm below the surface, respectively.



The subsequent phase of the process was aimed at integrating these digital elements into a single BIM model of the road pavement, implementing useful information for the monitoring and maintenance activities of this infrastructure’s asset.




4.2. Digital Modeling and Data Integration


The parametric objects defined in the current study were implemented to integrate all the previously described elements into a BIM model. The first step of the process was to generate a three-dimensional digital model of the pavement, representing its configuration on-site, by merging the outcomes extracted from MLS and GPR surveys. Subsequently, the distresses identified in the pavement could be integrated into the BIM model, to better enhance the level of detail at which the model represents the real infrastructure.



By extruding the parametric cross-section along the central three-dimensional polyline obtained by the MLS survey, it was possible to detect the DTM acquired by the same dataset, thus replicating the plan view and the profiles of the pavement surface. By targeting the other two 3D polylines, the dimension of the carriageway was reproduced, along with the possible rotation of the road’s edges. Concurrently, over the stretches of road where the GPR data were not present, a standard thickness was assigned to the HMA layer of the pavement, while on the GPR-inspected areas, the parametric cross-section analyzed the three-dimensional polylines obtained from the GPR survey. By examining the z coordinates of their vertices, the same value was then subtracted from the Laser Scanner DTM elevation, thus creating a variable configuration of the pavement layer underneath (Figure 10).



Once the pavement digital modeling phase was complete, it was then possible to integrate into the process the information related to the possible pavement’s deterioration found underneath the surface. By implementing the previously described parametric objects, which can identify and integrate the polylines obtained from the GPR tomographies, a digital representation of the pavement distress was generated. In particular, by extruding these elements along the road’s central axis, they generated a digital model of the deterioration in the areas where those polylines are found. As the modeling phase was carried out, it was possible to implement information regarding the deterioration that was being digitalized, such as the date in which it was identified, the possible causes and remedies.



As the output of this process was a digital model representing the possible internal distress of the pavement, by analyzing the overall model from an outside point of view these elements could be missed. To ensure that any possible deteriorations of the pavement were identified and subsequently analyzed, a warning was generated whenever a “digital distress” was created inside the model. These warnings appeared outside the surface of the pavement with a predisposed offset, helping with the identification of possible deteriorated portions of the road’s superstructure. Figure 11 shows the output of the process hereby described.




4.3. Results


The process hereby described generated a digital informative model of an infrastructure, integrating data extracted from NDT instruments such as MLS and GPR. The resulting model followed the horizontal development and the elevation profile of the real infrastructure that has been surveyed, while also reproducing its pavement’s HMA layer configuration. Once both MLS and GPR data have been integrated into the digital model, it was then possible to proceed to a more thorough analysis of the infrastructure, by examining it in a three-dimensional environment. Moreover, one of the main innovations of the present procedure was the possibility to evaluate a portion of the road, including the deep layers of the pavement, typically not accessible by on-site inspections. A subsequent analysis included the assessment of the volumes for each layer of the pavement, as well as the evaluation of volume of the pavement that was affected by possible deteriorations. Furthermore, different kinds of distress could be identified, and the resulting analysis could evaluate the resulting volumes of each one. Such volumes could be automatically extracted from the model’s information, by relying on specific unique codes assigned to each element of the BIM model. Moreover, while analyzing the possible deteriorations of the pavement, it was possible to refer only to a specific survey, as data outputs obtained in different dates are assigned different codes. Furthermore, these analyses could be carried out both in a three-dimensional environment and by sectioning the model in different parts and analyzing the resulting cross-sections. Figure 12 shows an example of two cross-sections of the generated model, as one of them was created in an area of the pavement where a distress was identified (represented in red).



Additionally, the BIM model of the infrastructure can be imported into a realistic digital environment, to examine its conditions in a three-dimensional space. This allowed for a more direct and more effective analysis of the potential distresses and configuration of the pavement’s layers, as shown in Figure 13. The resulting digital model can also be investigated in its different components, evaluating the information integrated during the modeling phases. In particular, by selecting the digital models of the detected deteriorations, a table with all the regarding information was shown, detailing which kind of distress it was, the date of the related survey and other useful data. By relying on this methodology, a unified BIM model that functions as a database for different survey outputs was defined. This model can be updated over time to evaluate possible developments of deteriorations found inside the road’s pavement and subsequently to plan maintenance activities.





5. Conclusions and Future Developments


The main aim of this study was to develop a methodology to integrate data obtained from NDT surveys in the digitalization process of a BIM model of a linear transport infrastructure. Making use of different data outputs and specially designed digital parametric objects, the integration of MLS and GPR information was successfully carried out. The point cloud generated from the MLS survey allowed to define the geometric characteristic of the road, its dimensions and both its horizontal configuration and elevation profile. Moreover, it provided the reference from which to determine the thickness of the pavement, by generating a DTM of the road’s surface. The data provided by the GPR survey were implemented to define the configuration HMA layer of the pavement and its thickness over a certain area of the model, where the data were collected and processed. Moreover, the information obtained by this survey allowed determining parts of the pavement possibly affected by damages and deteriorations in the deep layers of the superstructure. Digital representations of these distresses were defined, implementing useful information into the BIM model. The resulting digital model of the infrastructure functioned as a storage for both the MLS and GPR data, replicating the configuration of the infrastructure and its pavement. It was also used to analyze the road’s conditions and the degradations that may affect its assets, even in areas that cannot be inspected by operators on-site, such as the deep layers of the pavement. The methodology hereby presented could prove an efficient tool for road administrators and stakeholders that need to monitor and maintain linear transport infrastructures. By relying on these BIM models, an effective process for data storage and infrastructure maintenance planning can be defined, avoiding data loss and ensuring that analyses can be carried out over time.



This study represents a promising application for NDT data integration in BIM models and is effective in underlying the potential of this methodology in the field of transport infrastructure engineering. Furthermore, as this study has had some limitations in its development, future perspectives are hereby presented. A first implementation to the methodology could be the analysis of different layers of the pavement by means of GPR analysis. This would allow to define a more detailed model of the pavement, describing the configuration of the entire road’s superstructure. Moreover, more thorough analyses could be carried out on a model comprised of all the different layers of the pavement.



Further implementations to the methodology could be the integration of different data into the model. Numerous NDT methods are currently in use in the monitoring activities of transport infrastructure, and the resulting data outputs could prove a useful implementation to the BIM model, improving its level of detail and depicting more thoroughly the real infrastructure. Moreover, different types of analyses could be carried out if the model contained information provided by these surveys.



In the digitalization process of possible pavement’s distresses, different developments have been identified to guarantee a better depiction of the road’s conditions. The digital models of the pavement’s deteriorations could be divided into different components in relation to the pavement’s layers they are affecting. The related warnings over the infrastructure’s model would then immediately show the different areas of the road’s superstructure that are affected by degradation and their possible causes. Furthermore, an interesting development of this study would be to test the proposed methodology in the context of a Pavement Management System (PMS), defining a first application for a BIM-based PMS. To allow this process, preliminary operations related to the identification of pavement distresses and possible solutions through the use of BIM models need to be tested.



Overall, the proposed methodology showed the potential of integrating BIM models in the monitoring phases of a linear transport infrastructure, in relation to data acquisition and storage, as well as the possible analyses that can be carried out by relying on multiple data sources in a single environment. As more studies and applications are developed in the field of BIM for linear transport infrastructure, novel monitoring and maintenance methods are going to be determined, improving civil engineering practices.
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Figure 1. Process for survey data integration in BIM models of road’s pavements. 
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Figure 2. Example of longitudinal GPR Scan, with bridge constructions elements specified. 
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Figure 3. HMA thickness map obtained from a GPR survey. 
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Figure 4. Point cloud management and isolation of the area corresponding to the road’s pavement. 
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Figure 5. Definition of a possible pavement distress by means of GPR data analysis. 
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Figure 6. Methodology for pavement deterioration modeling from GPR data. 
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Figure 7. A section of the inspected highway during the survey. 
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Figure 8. Point cloud data extraction. 
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Figure 9. Possible pavement deterioration identified by means of GPR tomography (not in scale). 
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Figure 10. Pavement digital model. 
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Figure 11. Pavement distress digital model. 
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Figure 12. Pavement distress identification through digital model sectioning. 
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Figure 13. BIM model in a realistic digital environment: (a) Warning related to a pavement distress underneath the surface; (b) Deterioration as seen inside the digital model. 
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Table 1. GPR Acquisition parameters.
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	Parameter
	Value





	Frequency
	600 MHz



	Time window
	60 ns



	Horizontal resolution
	0.05 m



	Samples
	512
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