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Abstract

:

The Edmund Pettus Bridge, Selma, Alabama, a symbol of the American Civil Rights Movement and an exemplar of early 20th-century engineering, stands as a testament to the progress and challenges of its era. The bridge, recognized for its pivotal role in the 1965 “Bloody Sunday” conflict and the following Selma to Montgomery marches for voting rights, also represents significant engineering achievements with its distinctive design and construction methodology. In this study, the research team presents a comprehensive framework for documenting heritage bridges by utilizing Terrestrial Laser Scanning (TLS) technology, supplemented by other Reality Capture (RC) techniques, including Structure from Motion (SfM), 360-degree photography, and Unmanned Aerial Vehicle (UAV), and integrating the data within a Building Information Modeling (BIM) environment. The focus on the Edmund Pettus Bridge case study demonstrates how this novel approach can capture the intricate details of its structural and architectural features while preserving its historical narratives. The documentation outcomes, including a detailed BIM model and a set of Historic American Engineering Record (HAER) drawings, highlight the effectiveness of combining TLS and BIM in conserving unconventional heritage structures like bridges. This paper also discusses the technological challenges encountered, such as dealing with heavy traffic and environmental constraints during data acquisition and developing the BIM model and drawings. It outlines the strategies implemented to address these issues. This research contributes to preserving a severely under-represented American National Historic Landmark (NHL). It sets a precedent for documenting other non-building heritage structures, balancing technological advancements with historical integrity.
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1. Introduction


Heritage engineering structures, like bridges, stand as a testament to historical and cultural narratives and the advancements in engineering and architecture over the ages. Often representing significant historical events and technological milestones, these structures impose documentation and preservation for future generations to study, interpret, understand, and appreciate. The conservation of heritage bridges is critically dependent on accurately documenting their current state [1]. However, the documentation of heritage bridges presents unique challenges. Traditional methods mainly relied on manual measurements, hand-drawn sketches, and photography, which, while valuable, often fall short of capturing the intricate details in the required precision [2,3] and the full scope of these structures. These techniques are invasive, posing risks to the physical condition of the often delicate historical sites [2,4,5]. The complexity of the design of the bridges, combined with their historical significance, requires a documentation approach that is comprehensive and respectful of the structure’s integrity [6].



The documentation of heritage bridges has seen a significant shift in the past few decades towards adopting modern Reality Capture (RC) technologies, supplementing traditional labor-intensive methods with more sophisticated, accurate, and non-intrusive techniques. This transition is primarily driven by advancements in digital imaging, laser scanning, computer-aided drafting (CAD), and three-dimensional modeling technologies [2,7,8], which offer unparalleled precision and efficiency in capturing the details of heritage infrastructures. One of the most prominent technologies reforming heritage documentation is Terrestrial Laser Scanning (TLS). TLS provides high-resolution, three-dimensional point clouds that accurately represent the spatial dimensions of built heritage [9,10]. This technology enables the detailed examination of structural conditions without physical contact, thus preserving the historic site. Furthermore, the data captured through TLS can be easily archived and shared, supporting collaborative research and preservation efforts across different disciplines and by different stakeholders [11]. Building Information Modeling (BIM) has also emerged as a powerful tool in the documentation and management of heritage sites [12,13]. According to Borkowski [14], BIM can be understood broadly as a collaborative process involving people, information systems, databases, and software. In a narrower sense, BIM is a semantic database that tracks and manages information about a built object throughout its lifecycle. One of the recent advancements in utilizing BIM in heritage preservation practice was the introduction of Historic (or Heritage) Building Information Modeling (HBIM) by Murphy [15]. BIM and HBIM go beyond precise and comprehensive geometric representation. They also incorporate detailed metadata about materials, structural conditions, and historical significance into a comprehensive digital model. This integration of information facilitates a holistic approach to heritage conservation, allowing for better planning and execution of restoration projects while ensuring that all interventions are accurately recorded for future reference [16]. Additionally, the use of unmanned aerial vehicles (UAVs), also known as drones, equipped with cameras and Structure from Motion (SfM) or photogrammetry technology, has become increasingly common. These drones can access difficult-to-reach areas of bridges and effectively cover a large structure in a short period of time, providing unique vantage points and detailed imagery that can be used to create precise 3D models of the structures [17,18,19]. This capability is also useful for monitoring the condition of bridges over time, identifying potential issues before they become critical.



The inclusion of these modern technologies represents a new era in the documentation of heritage bridges. They offer greater accuracy and detail in the recording process and provide a dynamic platform for the analysis, conservation, and sharing of heritage data. As these technologies continue to evolve and become more affordable, it is expected that their application in heritage preservation will become more accessible, ensuring that invaluable cultural landmarks are documented and preserved for future generations with unprecedented fidelity and care. The aim of this study is to illustrate a novel framework of integrating TLS and BIM, along with several other RC technologies, to create detailed, accurate, and non-intrusive digital records of heritage bridges, using the Edmund Pettus Bridge (EPB) as a focal case study. The EPB, located in the city of Selma, Alabama, USA, as a symbol of the American Civil Rights Movement and a marvel of engineering in its days, offers a rich context for exploring the capabilities of modern documentation technologies.



This research presents a comprehensive account of developing an accurate BIM representation of the EPB, primarily utilizing TLS technology. While BIM involves a wide array of functionalities beyond creating a 3D model—including integrating historical records, maintenance plans, damage assessments, and component-specific information—this study focuses on laying the foundational geometric model that accurately reflects the bridge’s current state. It is important to clarify that although the research emphasizes the development and documentation of this structural representation, the potential of BIM as a platform for the holistic preservation and maintenance of heritage structures is fully recognized. Therefore, this article’s scope is centered on establishing a detailed and accurate baseline BIM model, intended as a robust platform for future extensions. Such extensions could include incorporating detailed condition assessments, maintenance strategies, and the integration of historical data, which are critical to the comprehensive management and preservation of heritage sites.



The structure of this article begins with an introduction that sets the stage by presenting the need for accurate and non-intrusive heritage bridge documentation methods. Next, it delves into a literature review that surveys existing documentation practices and the emergence of modern techniques like TLS and BIM. The Materials and Methods section outlines the specific approaches taken in this case study, detailing the data acquisition process and the development of a BIM model and Historic American Engineering Records (HAER) drawings. Following this, the Results and Discussion section presents the findings from the TLS survey and BIM model development, addressing the challenges encountered during the process, the solutions employed by the research team to overcome these challenges, and the impact of the documentation on preserving the EPB. The article concludes with a summary of key findings, reflecting on the implications of this research for the field of heritage documentation and offering recommendations for future studies of these technologies in similar conservation efforts.



This paper uses many abbreviations to refer to various terms and concepts. To avoid confusion and ensure clarity, the authors provide a list of these abbreviations and their corresponding meanings:




	
AI: Artificial Intelligence



	
AR: Augmented Reality



	
BIM: Building Information Modeling



	
EPB: Edmund Pettus Bridge



	
GPS: Global Positioning System



	
HABS: Historic American Buildings Survey



	
HAER: Historic American Engineering Record



	
HBIM: Heritage (or Historic) Building Information Modeling



	
HDP: Historic Documentation Programs



	
HSR: Historic Structure Report



	
LiDAR: Light Detection and Ranging



	
MLS: Mobile Laser Scanning



	
MTLS: Mobile Terrestrial Laser Scanning



	
NPS: National Park Service



	
RC: Reality Capture



	
SfM: Structure from Motion



	
STLS: Static Terrestrial Laser Scanning



	
TLS: Terrestrial Laser Scanning



	
UAV: Unmanned Aerial Vehicle



	
VR: Virtual Reality









2. Literature Review


2.1. Traditional Heritage Documentation Methods


The Historic American Engineering Record (HAER) program, established in 1975 by the Historic Documentation Programs (HDP) of the U.S. Department of Interior’s National Park Service (NPS) [20], has started a deliberate campaign to chronicle historic bridges across the United States. Since its founding, over 250,000 bridges have been marked for replacement due to structural deficiencies or obsolescence in functionality. Although it is impractical to preserve every historic bridge, the HAER documentation initiative ensures that selected bridges are conserved on paper. It is the hope that, through this process, a number of these exceptional bridges will be retained for future generations to appreciate [21]. Most of the bridges in the HAER collections were documented using traditional methods. These methods have relied on a combination of manual measurements, hand-drawn sketches, photography, and measured drawings [8,21,22]. These techniques, while valuable for their historical use and simplicity, come with several limitations in the context of modern heritage conservation needs. The following sections will discuss these traditional methods and their limitations.



2.1.1. Manual Measurements and Hand-Drawn Sketches


Manual measurement involves the use of tools like tape measures, levels, and plumb lines to obtain physical dimensions of structures. These measurements are often complemented by hand-drawn sketches that attempt to capture the architectural details and structural elements of the bridge. Some researchers argue that these methods provide opportunities for the recorders to have close interaction with the structures of interest [23,24,25] and are effective for small-scale projects [21]. However, they are also subject to human errors and may not capture the precise dimensions needed for detailed analysis and restoration work [25]. The complexity of heritage bridges, with their intricate designs and hard-to-reach areas, compounds these accuracy issues. The manual process is slow and requires a significant amount of manpower, making it impractical for large or complex structures [26,27,28]. Furthermore, physical contact with the structure is often necessary with these methods, which can be harmful to fragile or deteriorating heritage structures [29].




2.1.2. Photography


Photography has been a main technique in documenting heritage structures, offering visual records that provide insights into the condition and appearance of the bridge at a given time [30]. While photographs offer valuable visual information, they cannot capture the three-dimensional aspects of structures effectively. This can lead to gaps in understanding the spatial relationships and dimensions of structural components [31]. Additionally, the information captured can vary significantly depending on the photographer’s skill, the equipment utilized, and environmental conditions [32].




2.1.3. Measured Drawings


Measured drawings are detailed drawings created from manual measurements, intended to represent the structure accurately on paper or in digital form. Producing these drawings is labor-intensive and requires a high level of expertise to ensure accuracy. Scaling down complex structures like a bridge accurately to a drawing presents challenges, potentially leading to oversimplification or loss of detail. Like photographs, measured drawings are limited to providing a static view of the structure, lacking the ability to easily update or manipulate the data for further analysis [33,34].





2.2. Modern Documentation Techniques


Over the years, documenting built heritage has demonstrated a dynamic evolution in integrating modern digital technologies with traditional analog techniques. The incorporation of modern digital survey technologies like laser scanning, close-range and aerial photogrammetry, and advanced topographic surveying has significantly enhanced documentation processes [26]. These advancements offer improved efficiency, heightened accuracy, broader data compatibility, and enriched information interpretation.



HDP’s roadmap of adopting modern techniques, as illustrated in Figure 1, is an excellent example of how digital technologies have advanced in the field of heritage documentation. Starting in the 1950s, HDP integrated photogrammetry into its documentation [35] to record historical structures with enhanced detail. By the 1970s, aerial photogrammetry expanded its scope to larger sites, including Native American villages in Arizona and New Mexico [27]. The 1980s saw the adoption of CAD for precise drawings, which significantly improved documentation accuracy [36]. The 1990s introduced laser technologies for enhancing measurement precision [30], and the 2000s marked a major shift with laser scanning technologies for 3D documentation, exemplified by the Statue of Liberty project [26].




2.3. Terrestrial Laser Scanning (TLS)


2.3.1. Introduction to TLS


TLS is a form of ground-based LiDAR (light detection and ranging) technology [37] that employs laser sensors to gather detailed point clouds representing physical objects [38]. There are two primary forms of TLS: static TLS (STLS) and mobile TLS (MTLS). STLS involves using a tripod-mounted laser scanner positioned at a fixed point. This method scans the environment from various positions to gather high-resolution 3D data. STLS is frequently employed in fields such as construction, architecture, and engineering for precise measurements of built structures and site conditions [39,40]. MTLS, in contrast, involves mounting a laser scanner on mobile platforms, such as vehicles, backpacks, or even handheld devices. As the platform moves through an area, the scanner captures 3D environmental data, facilitating rapid and efficient data collection. MTLS finds relatively widespread use in surveying, mapping, autonomous driving, and infrastructure management [41,42,43].



Both technologies have distinct advantages and drawbacks. STLS is known for its high resolution and accuracy, making it particularly suitable for capturing detailed data in smaller areas [44,45]. Meanwhile, MTLS can cover larger areas quickly, which is ideal for extensive site scanning. It can also reach areas that are difficult to access, like very tight spaces [46,47]. However, the data captured by MTLS often are less detailed than those from STLS due to the movement involved during scanning, and factors like the platform’s speed and trajectory can impact MTLS data accuracy as well [41,42].



Figure 2 illustrates the principle of STLS technology. As noted by Yang et al. [48], STLS has become a vital tool for capturing point clouds of heritage structures. While MTLS has been less explored in heritage documentation [49,50], most research employing TLS for data acquisition has focused on STLS exclusively. Therefore, this study concentrated solely on STLS, with all references to TLS in this context pertaining to the static form of the technology.



TLS surveys involve capturing multiple scans from various angles to comprehensively document a heritage structure. These scans are then processed through alignment and registration within specialized software to compile a complete point cloud model. Initially, scan alignment identifies common reference points or features within the overlapping scans, which can be either naturally occurring elements or intentionally placed markers. Software algorithms proceed to calculate the necessary adjustments, including shifts and rotations, to align these reference points precisely, thereby reducing spatial inconsistencies among the scans. Following alignment, the registration phase integrates these adjusted scans into a singular, coherent point cloud. This step fine-tunes the alignments to ensure smooth transitions between scans, removes overlapping data redundancy, and verifies that the resulting unified point cloud faithfully captures the structure’s geometric and spatial attributes.




2.3.2. TLS in Heritage Documentation


Transitioning from modern construction, TLS has found a unique and invaluable place in heritage documentation. In this domain, the technology is used to capture the existing condition of heritage structures. Subsequently, the captured data are utilized to conduct a structural assessment or develop materials to help manage and interpret the heritage asset. Specifically, TLS is instrumental in various aspects of heritage bridge documentation. It includes the development of BIM or HBIM [6,13,22,51,52,53], structural analysis [6,22,54,55], and damage detection [56,57,58]. Additionally, TLS data can be integrated with virtual reality (VR) and augmented reality (AR) technologies to create immersive virtual museums and tours [52] for enhancing public education and research.



TLS is particularly valuable in documenting built heritage that is in poor condition. An example is the Kunerad Mansion in Slovakia [59], where TLS effectively captured data in challenging environments characterized by inadequate lighting and structural instability. The non-destructive nature of the TLS method facilitated thorough and precise documentation, forming a critical foundation for the restoration and conservation work that followed [60,61].




2.3.3. TLS Advantages and Limitations


Recent research studies have highlighted the emergence of TLS as a critical tool for collecting existing condition data of heritage assets [62]. The leading benefits of TLS, as compared to traditional documentation methods, include its exceptional precision [63,64], its ability to rapidly gather extensive data relative to the time invested [65], and its comprehensive, non-intrusive approach to capturing objects without the requirement for physical contact or repeat field visits [54,66], thus preventing the need for subsequent site surveys [59]. Al-Bayari and Shatnawi’s study [67] noted that utilizing TLS in heritage documentation reduced field survey time by 25–30%.



While TLS offers significant advantages in heritage documentation, it also presents specific challenges and limitations. Primarily, the cost factor is considerable; acquiring a new laser scanner can require an investment of tens of thousands of dollars [59]. TLS demands the use of specialized software, robust hardware, and skilled professionals for effective data processing and management [63,68]. Another challenge is the time-intensive nature of TLS surveys [69] for very large or complex heritage sites. TLS fieldwork is sensitive to environmental factors such as lighting, dust, fog, and rain, which can affect data quality [59]. Furthermore, TLS faces challenges in capturing certain surfaces or materials. Shiny, reflective, black, extremely hot, very bright, and transparent surfaces often pose difficulties in accurate scanning. Objects that are not within the line of sight or are obscured remain beyond TLS’s capturing capability [70]. Accurately capturing color and texture also presents a challenge for many LiDAR scanners used in heritage studies [71].





2.4. Intergration of TLS and BIM


TLS data can generate several outputs that are instrumental in heritage documentation. A primary product is the creation of BIM models [15], which are developed from scan data. These models offer a detailed and accurate digital representation of heritage sites, proving invaluable for tasks such as preservation planning, damage assessment, and restoration initiatives. Additionally, the point cloud data generated by TLS can be used to produce 2D drawings, such as HAER or HABS. These drawings serve as a traditional form of documentation, capturing the structural and architectural details of heritage assets [72,73]. Another significant output of TLS is the development of 3D interactive environments that merge VR or AR with the scan data and BIM models. These immersive environments provide a dynamic and engaging way for the public to explore and learn about heritage sites, making them an effective medium for interpretation and educational purposes [15,74,75]. These various outputs of TLS data collectively enhance people’s ability to understand, preserve, and share the rich heritage captured in historical structures.



Much published research utilizes the scan-to-BIM approach to develop BIM models for heritage bridges from the captured TLS point clouds as a primary data source [5,8,76]. This method starts with scanning the bridge structure to create a detailed point cloud, which is then used as a reference to build an accurate 3D model in a BIM software platform, such as Autodesk Revit, Trimble Tekla, or Bentley OpenBridge Modeler [77,78,79]. This approach is particularly effective for capturing the as-built conditions of existing structures, providing a precise digital representation based on real-world data [5,22]. The scan-to-BIM approach is feasible for documenting heritage bridges due to the following:




	
Accuracy and Detail: Given the bridge’s historical significance and complex structure, the scan-to-BIM approach is ideal for capturing its intricate details with high accuracy.



	
Preservation and Documentation: This method is non-intrusive and perfect for historic preservation efforts, allowing for detailed documentation without physically impacting the structure.



	
Efficiency and Integration: It provides an efficient workflow for integrating the scanned data into the 3D modeling platform, streamlining the process of converting point clouds into a usable BIM model.



	
Facilitation of 2D CAD Drawings: An additional value of the scan-to-BIM approach is its utility in creating accurate 2D as-built CAD drawings. Usually the detailed 3D BIM model can be utilized to generate precise 2D drawings, which are essential for heritage documentation.








The integration of TLS and BIM technologies represents a pivotal advancement in structural analysis and preservation. This combination allows for the precise capture and detailed modeling of heritage structures [80], enabling the assessment and monitoring of structural integrity over time [81,82]. For instance, BIM’s parametric models facilitate ongoing monitoring cycles, crucial for tracking displacements and deformations in structures like wooden trusses [70], thus offering a dynamic approach to conservation efforts. Moreover, the versatility of BIM extends to documenting, managing, and analyzing structural health information, including damage and decay, thereby providing a comprehensive understanding of a structure’s condition [83]. The ability to model and quantify structural deformations and damages within the BIM framework enhances the decision-making process in restoration and maintenance plans [81,84]. Furthermore, the integration of TLS with BIM enriches the structural safety assessment, enabling the identification of pathological symptoms and the analysis of complex geometries through non-destructive techniques [81].




2.5. Other RC Technologies Complementing TLS


While TLS plays an important role in modern heritage documentation, the complex geometry of built heritage, especially bridges, and specific limitations inherent to laser scanning technology mean that TLS alone may not suffice for comprehensive data acquisition. To address this, additional technological tools and techniques are often employed to supplement the TLS data or to enhance its accuracy and quality [68,85,86]. These supplementary technologies can be categorized as follows:




	
Structure from Motion (SfM) or Photogrammetry: This technique can be implemented terrestrially or via UAVs. It offers alternative means of capturing detailed imagery and constructing 3D models of built heritage [54,87,88,89,90].



	
Mobile/Handheld LiDAR or Photogrammetry Scanners: These portable devices provide flexibility and ease of use in diverse environments. They enable the capture of detailed spatial data in areas where TLS might be less effective [91,92].



	
360-Degree Photography: This technology captures a full spherical view of a surrounding area to provide an immersive experience by allowing viewers to look around in all directions from a single point. In heritage documentation, this technology offers applications such as immersive virtual tours to record detailed texture and colors of the built heritage and to enhance accessibility [93,94,95].



	
Error Control and Data Verification Devices: To ensure the accuracy and reliability of the captured data, devices such as total stations and global positioning systems (GPSs) are utilized. These instruments are beneficial in controlling errors and verifying the quality of data obtained from TLS surveys [84,89,96].








Integrating these RC technologies with TLS to document heritage structures also introduces challenges, notably in merging diverse datasets (or data fusion). Aligning data across different formats and resolutions demands advanced software and technical expertise [63,97]. Ensuring uniform accuracy and addressing discrepancies in data quality, especially in less accessible areas, adds complexity [98]. Additionally, the integration process is resource-intensive, requiring substantial computational power and storage to manage the vast amounts of data generated [86]. Despite these obstacles, leveraging a combination of these technologies offers a path towards more detailed and comprehensive documentation of heritage sites.



Documenting built heritage may require georeferencing TLS point clouds, which involves assigning real-world coordinates to each point captured during scanning, ensuring that the data accurately represents its physical location and orientation. This process is valuable in heritage documentation, as it allows for the precise mapping and modeling of historic sites and structures [99,100,101]. By integrating these georeferenced point clouds into GIS or BIM systems, conservationists and architects can perform detailed analyses, assess structural conditions, plan restorations, and virtually explore and share the heritage site’s spatial data, enhancing both preservation efforts and public engagement. As explained by Shabani and Kioumarsi [102], two total stations were used to define targets for establishing a local coordinate system to document a historical masonry bridge and eventually helped georeference the point clouds to avoid possible errors captured from different instruments.




2.6. Need for the Current Study


Despite the abundance of studies on employing TLS and BIM in heritage documentation, most have focused on buildings, presenting a gap in research and application concerning non-building structures such as bridges. By demonstrating the effective use of these technologies on a historically and structurally complex bridge, this study tries to fill a critical gap in the existing literature. It expands the applicability of digital documentation methods within heritage conservation. It provides a robust and adaptable model for documenting a variety of heritage infrastructures that pose unique challenges for preservation.





3. Materials and Methods


3.1. Project Information


The Edmund Pettus Bridge (EPB), a significant landmark in American history and an example of early 20th-century engineering, spans the Alabama River in Selma, Alabama (Figure 3). Constructed from 1938 to 1940, the bridge was named after Edmund Pettus (1821–1907), a Confederate general who later became a US Senator and a figure deeply embedded in the racial hierarchy of the Antebellum period. It is a complex symbol of historical oppression and the fight for African American civil rights [58]. Designed by a Selma-born engineer, Henson Stephenson (1897–1978), the bridge’s architectural style is characteristic of its era, featuring a steel through-arch with concrete open-spandrel arches. It stretches 1248 feet and 6 inches long (380.5 m), navigating significant topographical changes along its path. The bridge’s unique structural design, including its asymmetrical arches and decorative elements, showcases the engineering achievements of the time. However, the only substantial change since its construction was replacing its original green paint with a cool gray in the early 1980s [58]. Beyond its architectural significance, the Edmund Pettus Bridge is marked by its role in the American Civil Rights Movement. It was the site of “Bloody Sunday” on 7 March 1965, a pivotal event where peaceful civil rights demonstrators were violently confronted by law enforcement. This event was a critical moment in the Selma Voting Rights Movement, leading to the passage of the Civil Rights Act in 1965. The bridge’s dual symbolism is further highlighted by its inclusion in the Selma to Montgomery National Historic Trail, a testimony to its role in the Civil Rights struggle. The bridge was declared a National Historic Landmark (NHL) on 27 February 2013.



Despite its historical and architectural significance, the EPB faces challenges concerning its condition and the need for attention. As it continues to serve as a vital connection along Highway US-80, the preservation and maintenance of the bridge are of paramount importance. As shown in Figure 4, the bridge’s structure, while largely intact, reflects the wear of decades and the need for thorough assessment and careful conservation.



The documentation for the EPB, as a part of an effort for developing a Historic Structure Report (HSR) of this historically significant structure, aimed to thoroughly record and archive the bridge’s existing condition to preserve its historical and architectural legacy for future generations. The two primary documentation outcomes included a BIM model and a set of HAER drawings. The BIM model served multiple purposes: it aided in the preservation efforts by providing a precise representation of the bridge’s current state, and it also formed the basis for the development of the HAER drawings. The HAER drawing set, the second crucial outcome of the project, provided a detailed architectural and engineering record of the bridge.




3.2. TLS Survey


As illustrated in Figure 5, the process of digital documentation of the EPB involved four main stages: site assessment and project planning, on-site data acquisition, data post-processing and management, and data utilization for developing the BIM model and HAER drawings.



3.2.1. Selection of Techniques and Resources


Selecting TLS as the primary data acquisition method for the EPB documentation was influenced by its precision, efficiency, and non-intrusiveness. TLS’s ability to capture detailed and comprehensive three-dimensional data without making contact with the structure makes it ideal for preserving historic integrity. Additionally, its speed in surveying complex structures, adaptability to various conditions, and compatibility with integration technologies like BIM and CAD render it highly suitable for efficiently documenting and assessing this historically and architecturally significant bridge with accuracy and care.



A FARO Focus3D X-330 HDR (FARO X330) scanner was employed to conduct the TLS survey. At the time of the documentation project, the FARO X330 scanner was extensively used in documenting the built environment due to its high precision, outstanding efficiency, and superior mobility. Its cost-effectiveness further contributed to its widespread popularity in commercial laser scanning applications. Table 1 provides an overview of the key specifications and functionalities of the scanner. These features highlight its appropriateness for the documentation needs of the bridge.



Several software programs were also utilized for data acquisition, processing, and modeling. Each piece of software was chosen for its specific capabilities and compatibility with the project’s goals. Table 2 summarizes the roles and rationales for each software program in the project workflow, from processing the TLS scans to developing the final BIM model and 2D HAER drawings. The following sessions will explain details of the workflow and how the software programs were used in the case study.



To complement TLS, several other RC technologies were employed for a more comprehensive data acquisition. SfM captured complex details and surface textures to enhance the geometric data from TLS, especially in hard-to-reach areas. Matterport 360-degree photography technology offered interactive panoramic views, aiding in the visualization of surface details for BIM model development [103,104]. UAVs equipped with high-resolution cameras provided aerial perspectives and access to challenging sections, such as the bridge’s arch, and spans over the river. Additionally, UAV-based infrared photography was instrumental in identifying hidden structural vulnerabilities, like moisture intrusion, which was crucial for assessing the bridge’s condition.




3.2.2. TLS Survey Planning


An initial assessment for the TLS survey of the EPB was conducted first, involving several critical steps:




	
Preliminary Site Visit and Pilot Scans: This site visit focused on the north approach ramp and Span-1 on the city of Selma side of the bridge. Pilot scans using the FARO X330 laser scanner were also performed (Figure 6) to evaluate the equipment’s effectiveness in the bridge’s environment and validate scanning strategies.








	
Photographic Surveys and Coordination with ALDOT: Photographic surveys were conducted to document existing conditions and assist in planning the scanning process. A meeting with the Alabama Department of Transportation (ALDOT) was held to discuss the project scope and the operational, safety, and logistical aspects, and gain access to the bridge’s historical and maintenance records.






The project team discovered several challenges and notable features of the site through the assessment visit and pilot scans. They included the following:



	
Traffic Conditions: The bridge experienced traffic at high speeds, often exceeding the official limit of 20 MPH (32 km/h). Observations indicated that traffic speed could reach up to 45 MPH (72 km/h), causing significant vibration that potentially affected scanning accuracy.



	
Optimal Timing for Field Survey: The least traffic, identified as early Sunday mornings, was considered the most feasible time for extensive field surveys to minimize safety risks and data acquisition interference.



	
Environmental Factors: The dense vegetation south of the Alabama River (Figure 7), high humidity levels, potential for high winds, and significant temperature-induced expansion of the bridge were noted. These factors required considerations for equipment stability and data accuracy, especially since the survey was anticipated to span several months.



	
Access Limitations: Restricted access was noted in areas under the bridge, particularly over spans 1, 2, and 3 above the Alabama River (as shown in Figure 8) and on the bridge’s medians. These limitations required strategic planning for scanner placement and data capture with alternative methods.







3.2.3. TLS Survey Execution


The TLS survey started in November 2019, with completion initially targeted for Spring 2020. However, due to the COVID-19 pandemic outbreak, the project experienced a temporary halt, resuming in summer 2020 and concluding in July 2020. A total of 72 scans were captured. The bridge was divided into four sections for systematic scanning, as shown in Figure 9:




	
Section-A (bottom and deck, Selma City side, north of the Alabama River)



	
Section-B (bottom, Dallas County side, south of the Alabama River)



	
Section-C (deck, Dallas County side, south of the Alabama River)



	
Section-D (deck, Selma City side, and the arch of Span-2, north of the Alabama River)








The project team chose strategic points to set up the scanner for optimal coverage, particularly paying attention to elevated areas, complex elements, and the scanner’s range limits. Scanner locations identified on the bridge deck are illustrated in Figure 10.



A targetless approach was used to capture all the scans due to the time and resource constraints of the project. Scanning of the deck (e.g., sections C and D) was carried out early on Sunday mornings to avoid heavy traffic. Scanning of the bridge bottom (e.g., sections A and B) was performed throughout the day.



For a comprehensive TLS survey of this large and complex structure, choosing an optimal scanner setting was crucial to balance detail, coverage, and efficiency. The project team used the same settings for all 72 project scans, as shown in Table 3.





3.3. TLS Scan Data Processing and Management


All 72 scans were initially processed through FARO SCENE software. This step included colorizing and converting the raw data into usable point clouds, ready for further processing and analysis. Next, the “Moving Objects Filter” feature within FARO SCENE was utilized to eliminate noise, such as points of passing vehicles and pedestrians, from the data. This feature helped improve the cleanliness and clarity of the point cloud, especially given the bridge’s high-traffic environment.



Next, the scans were combined into one comprehensive point cloud in a few steps. First, the 72 scans were grouped into four clusters based on the bridge’s different sections, making it easier to work on. Then, an automatic registration feature in FARO SCENE aligned the scans within each cluster and merged them into one whole. After this automatic step, manual tweaks were made to improve the alignment, especially where the bridge’s design was more complex or scans were far apart. This process resulted in a single point cloud that detailed the entire bridge, as shown in Figure 11. The final FARO SCENE project file was notably large, exceeding 117 GB.



The FARO SCENE scan registration report provided detailed error statistics and overlap information for each scan and cluster as a main matrix to evaluate the quality and accuracy of the TLS survey. The report showed that the average deviation between overlapping scan points, known as the point error, was generally low, with an average error of 3.7 mm, indicating precise data collection [105,106]. The maximum error found was 31.6 mm, which is acceptable for large outdoor scans and could result from hard-to-reach areas or environmental factors like vibration or temperature changes. The report also noted that the least overlap between scans was 5.9%, suggesting that, despite some areas having less coverage, the scan integration was successful. Overall, the quality and accuracy of the TLS survey were acceptable for the project, especially considering the scale and complexity of the bridge.



After initial processing with FARO SCENE, the point cloud data were refined and prepared for 3D modeling through several steps. First, the data were exported to Autodesk ReCap Pro (ReCap Pro) and saved in the RCP format, making them ready for use in applications like Autodesk Revit and Autodesk AutoCAD. Quality control checks to ensure the data’s accuracy and quality were then conducted in ReCap Pro through visual inspections and measuring known distances on the bridge. To make the point cloud more manageable for modeling, the data were optimized by reducing their density, significantly shrinking the file size from 117 GB to 3.4 GB. This optimization facilitated more efficient handling and use of the data in 3D modeling software.




3.4. BIM Model Development


The project team chose to employ the scan-to-BIM approach to develop a comprehensive model for the EPB in Autodesk Revit. This approach was particularly effective for capturing the as-built conditions of existing structures, providing a precise digital representation based on real-world data. The primary foundation for developing the BIM model was the Autodesk ReCap RCP point cloud dataset, which was linked to the Revit model. This point cloud provided detailed and accurate information about the bridge’s measurements and physical state. Where the point cloud data were insufficient, supplementary sources were referenced for a more comprehensive representation. These sources included the original 1938 design drawings, terrestrial and aerial photographs, an immersive virtual tour recorded using a Matterport 3D camera, and other historical records. This methodology ensured that the model was accurate to the current state of the bridge and respectful of its historical design.



3.4.1. Defining Scope of BIM Modeling


One of the most important steps in this project phase was identifying the scope of bridge elements to include in the BIM model. The team selected the primary structural framework, including essential components like beams, trusses, girders, piers, footings, piles, and supports, along with the decking and surface layer of the bridge. Attention was also given to specific architectural details that define the bridge’s unique design, including decorative elements and the specifics of railings and barriers, such as their design, materials, and positioning, in addition to the expansion joints. However, to maintain a focus on the historical accuracy and integrity of the bridge’s original design, certain elements were excluded from the model. These excluded elements involved lighting fixtures, roadway markings, signage, drainage systems, and utilities, as they either were not part of the original construction or did not accurately reflect the bridge’s historical state. Furthermore, the environmental surroundings, including the river, and other less significant architectural details, like the steel plates of the railings, were also omitted to concentrate the modeling efforts on the bridge’s structural and architectural essence.




3.4.2. Creating the BIM Model


Customized modeling was essential for this project due to the bridge’s historic nature. The “Model In-Place” feature in Revit was extensively used for this purpose. This tool allowed for the creation of unique, non-standard elements that closely matched the bridge’s evolved structure over the years, ensuring the model’s historical authenticity. The following are the steps utilized for developing a comprehensive BIM model to reflect the existing conditions of the bridge.




	
Preparing the Base Model



	○

	
Importing Point Cloud Data.




	○

	
Orientating Point Cloud Data.







	
Structural Framework Modeling



	○

	
Tracing over the Point Cloud: Using the “Model In-Place” component feature in Revit, start tracing and modeling the primary structural components (e.g., beams, girders, piers, and supports) over the point cloud.




	○

	
Using the 1938 Drawings to Model Hidden Elements or Not Captured by Field Survey: Refer to the historical drawings to model other structural elements that were not captured by the fieldwork. These elements include framing members, beams, girders, footings, piles, and piers. Figure 12 shows the bridge’s complete BIM model and some isolated elements in Revit.




	○

	
Referencing Historical Drawings: Cross-reference with the 1938 drawings to ensure historical accuracy in the structural elements.







	
Architectural Details and Decking



	○

	
Architectural Details: Identify and model unique architectural features, such as decorative elements, using the point cloud and imagery as references.




	○

	
Decking and Surfaces: Model the bridge’s decking, ensuring replication of the surface details accurately as per the point cloud.







	
Additional Elements



	○

	
Modeling Railings and Barriers: Model these safety and structural features using the point cloud data and the historical drawings, focusing on their design and positioning.




	○

	
Expansion Joints: Include these critical elements, accurately located based on the point cloud.







	
Data Verification and Adjustment



	○

	
Regularly cross-verify the developing model with the point cloud and historical drawings for accuracy. Figure 13 illustrates a set of views overlaying both the BIM model (in light gray) and the point cloud (in color) to help visualize how the Revit model elements align with the point cloud. These views include a perspective of the entire bridge (Figure 13a), the west elevation (Figure 13b,c), the top view (Figure 13d,e), the main arch and piers of Span-2 (Figure 13f), Span-1 and Span-2 (Figure 13g), the main arch of Span-2 (Figure 13h) and its section view (Figure 13i), and the typical railing system (Figure 13j).




	○

	
Make necessary adjustments to align with the as-built conditions and historical accuracy.







	
Finalizing the Model



	○

	
Once all elements have been modeled, review the entire model for any discrepancies or missing details.




	○

	
Make final adjustments to ensure the model was a precise representation of both the current state and historical design of the bridge.












A significant portion of the bridge’s structural elements was precisely modeled using TLS point cloud data, such as decking, arches, above-ground sections of concrete piers, select concrete ribs, railings, and visible steel girders and beams. However, certain elements were either partially captured by the TLS or were entirely beyond its capture capabilities due to their obscured or submerged nature. These elements were modeled with the aid of the 1938 drawing set, photographs, and a virtual tour. This supplementary approach was essential for detailing hidden steel members, sections of concrete piers that are submerged or underground, concrete footings, and concrete piles. To visually delineate the sourcing of data for the BIM model, Figure 14 color-codes the sections of the BIM model based on the data source: green for areas modeled directly using TLS data, orange for those modeled with the assistance of other RC data sources and the 1938 drawings, and red for sections that relied solely on historical drawings. It is worth noting that how much of a heritage structure’s element can be precisely modeled using TLS data exclusively is a qualitative analysis. It may depend on many factors, such as its unique architectural and structural features and the resolution of the TLS point clouds. Each project has its own set of variables that influence such estimations, making it challenging to develop a standardized method applicable to different scenarios.





3.5. HAER Drawing Creation


A HAER set, consisting of four drawings, was developed using the BIM model to illustrate the current condition of the EPB and highlight its architectural and structural significance. The set also revealed several discrepancies between the bridge’s original design and its existing condition that were discovered through the documentation.



The main approach utilized to create the HAER set was extracting 2D drawings (in the Autodesk AutoCAD’s DWG format) from the BIM model, which is revealed in Figure 15. The main purpose of this extraction was to ensure that the 2D drawings met the HAER drawing guidelines by including the proper formatting, line weight, and drawing layers following the United States National CAD Standard®—V5 [107]. To confirm the coverage and precision of the drawings, information employed to guide the process included the TLS point cloud, the Revit model, terrestrial and aerial photos, the Matterport virtual space, and the bridge’s original 1938 design drawings set.



The initial step of creating the set involved a thorough examination of the Revit model to ensure that it was free from extraneous elements and to identify any missing or obscured components. The Matterport virtual space and aerial images significantly aided this process by providing a comprehensive view of the existing conditions of the bridge. Subsequently, the focus shifted to organizing views in Revit to reflect the desired outcomes for the HAER drawings. This included creating various views like elevations, plans, sections, and isometric 3D views, based on a study of existing HAER documentation sets and inspired by the bridge’s original 1938 design drawings. The visibility of each view in Revit was adjusted to include only the essential components, a process that was instrumental in ensuring the clarity and accuracy of the final drawings.



These prepared views were then exported from Revit to AutoCAD in DWG format, in alignment with HAER standards. The Revit export typically produced complex components as blocks or polylines. To refine this, an extensive cleanup process was performed, including the use of commands like EXPLODE and OVERKILL in AutoCAD to simplify these components and eliminate any overlapping or redundant lines. The subsequent phase of the process involved thorough manual verification to ensure that all drawing elements were correctly represented and aligned. The drawings were also visually inspected to remove unnecessary lines and achieve the level of detail and accuracy necessary for HAER documentation.



The final stages of the process centered around layer management, annotation creation, and standardization of the drawings. Adherence to HDP’s HAER Measured Drawing Guidelines was paramount, dictating the drawing format, layer naming convention, and annotation styles. This also included decisions on drawing size, scale, and line weight to comply with HAER documentation requirements. Figure 16 shows a complete EPB HAER drawing, presenting an isometric view of Span-2, railing details, and discrepancies between the bridge’s design and existing conditions.





4. Results and Discussion


4.1. Technical Challenges and Solutions


During the documentation of the EPB, the project team faced various technical challenges across different stages, from the TLS survey to the processing of scan data and the development of the BIM model and HAER drawings. These hurdles required innovative solutions to ensure the project’s success.



In the TLS survey phase, traffic and safety concerns were of the utmost importance due to fast-moving vehicles on the bridge, which could cause significant vibrations affecting scan quality. To mitigate this, the team coordinated with the ALDOT to detour traffic and opted to conduct scans during early morning hours on Sundays with minimal traffic, ensuring both safety and reduced vibration impact. The team also faced environmental challenges like dense vegetation and variable weather, which were addressed by adapting scanning techniques and choosing optimal weather conditions for scanning. Moreover, accessing certain bridge sections, especially those over the Alabama River, required creative approaches, leading to the use of aerial drone imaging to capture data from otherwise inaccessible areas.



Processing the TLS data introduced additional complexities. Aligning the numerous scans to create a cohesive point cloud was challenging due to the bridge’s large size and intricate geometries. The team employed both automatic and manual registration techniques within FARO SCENE software to achieve acceptable results. Noise from moving objects (e.g., passing vehicles and pedestrians) and other undesired elements in the scans required the application of advanced filtering techniques and manual cleaning to ensure data clarity. The project also had to manage a substantial volume of scan data, which was streamlined through efficient data management protocols and the use of powerful computing resources.



The development of the BIM model presented its own set of challenges, particularly in modeling the bridge’s unique architectural details. This was accomplished using Revit’s “Model In-Place” feature for custom modeling, supplemented by the 1938 historical drawings for accuracy. Integrating different data sources, including point cloud data, historical drawings, 3D virtual tours, and photographs, required a layered modeling approach, starting with the point cloud data as a foundation. Ensuring the model accurately reflected both the bridge’s historical design and its current condition involved thorough cross-referencing and validation among the available data sources.



Creating HAER drawings brought forth challenges in adhering to specific HAER guidelines, which demanded compliance with standards for line weights, scales, and annotations within the AutoCAD environment. Extracting precise 2D drawings from the 3D BIM model required detailed view creation and visibility adjustments in Revit. Additionally, organizing drawing elements into appropriate layers for standardization was achieved by applying the AIA CAD Layer Guidelines.




4.2. Outcomes and Impacts of the BIM Model


Developing a BIM model for the EPB project was aimed at enhancing heritage conservation efforts by providing a robust platform that detailed the bridge’s current condition and served as a foundation for the maintenance and future changes into comprehensive BIM applications. These applications could include detailed condition assessments, heritage asset management, maintenance strategies, and future extensions.



	
Detailed Condition Assessments: The model has been instrumental in providing comprehensive and precise condition assessments of the bridge. By integrating precise high-resolution data from TLS, the model allows for accurate identification of deterioration and variances in structural components, facilitating targeted maintenance and conservation strategies.



	
Heritage Asset Management: The model enhances the management of heritage assets by enabling the integration of historical data and ongoing condition monitoring into a single model. This holistic approach improves decision-making processes and supports the preservation of the bridge’s cultural and historical significance.



	
Maintenance Strategies: The intelligent BIM model supports the development of effective maintenance strategies by enabling the simulation of maintenance scenarios and their impacts on the bridge’s integrity. This predictive capability ensures optimal scheduling and implementation of preservation efforts, minimizing disruptions.



	
Future Extensions: The foundational BIM model is designed to accommodate future technological integrations, such as augmented reality for virtual tours and advanced analytics for predictive maintenance. These extensions will further enhance the bridge’s documentation and preservation, ensuring its legacy for future generations.







4.3. Impact on Documentation Objectives


The documentation of the EPB, facilitated through the innovative use of TLS and BIM technologies, successfully captured and preserved the current state of this historically and culturally significant structure. This detailed process has notably enhanced the assessment of the bridge and provided a comprehensive insight into its structural integrity and heritage preservation needs.



A key achievement of this digital documentation was the identification of structural discrepancies between the bridge’s original design and its present condition. Notably, changes in the construction, such as the unexpected 90-degree distortion in the hangers of the main steel arch (see Figure 17a) and variations in the dimensions of the concrete struts (see Figure 17b), were discovered. These findings are invaluable, casting light on the bridge’s construction history and informing future restoration efforts to ensure that any interventions are precisely aligned with the bridge’s actual state.



Moreover, the TLS survey generated a detailed 3D point cloud, offering an unprecedented comprehensive view of the bridge’s structural health. These data facilitated a thorough analysis of critical components, such as steel arches, concrete piers, and decking, highlighting potential concerns that might elude traditional inspection techniques. This information is crucial for preventively addressing structural vulnerabilities.



Additionally, this project has laid the groundwork for continuous monitoring by establishing a baseline record of the bridge’s structural condition. These foundational data are essential for tracking changes over time, identifying emerging structural issues, and devising a proactive maintenance strategy to safeguard the bridge’s integrity and longevity. Utilizing software tools like CloudCompare enables researchers to compare point clouds from different survey periods, pinpointing discrepancies and mapping changes. This ongoing monitoring emphasizes the project’s long-term contribution to the bridge’s preservation, ensuring that this landmark remains a testament to history for future generations.




4.4. Impact on HSR Development


The integration of digital documentation data into the Historic Structure Report (HSR) for the bridge significantly transformed the report, making it a more accurate, informative, and engaging document. Cited by Willkens & Liu [58], this advanced documentation method has captured the bridge’s current state with unprecedented detail and precision and also played a pivotal role in shaping the conservation strategies moving forward. The TLS data, in particular, provided a digital snapshot of the bridge with exceptional clarity, directly contributing to the accuracy and depth of the HSR. This level of detail was instrumental in developing the report’s key components, such as the BIM and the HAER drawings. The comprehensive nature of the data ensures that the HSR is a reliable resource for understanding the bridge’s present condition and serves as a foundation for all future preservation efforts. Furthermore, the rich detail offered by this documentation process has directly impacted the conservation strategies detailed within the HSR. With a precise understanding of the bridge’s structural elements, conservationists are better equipped to identify which areas need urgent attention and devise restoration methods that honor and preserve its historical essence.



Beyond its contributions to conservation, the digital documentation data has become a powerful tool for public engagement and education. By making detailed information about the bridge’s structure and its storied history accessible through various platforms, such as websites or immersive virtual spaces, the HSR encourages a deeper public connection. This aspect of the HSR is especially beneficial in educational contexts or public exhibitions, where fostering an appreciation for historical landmarks is crucial.





5. Conclusions and Recommendations for Future Research


5.1. Key Findings


The case study of using TLS and BIM for the digital documentation of the Edmund Pettus Bridge marked a notable advancement in the preservation and understanding of heritage infrastructure. This research has tackled this under-addressed domain and demonstrated the capabilities and effectiveness of the technologies in capturing detailed and accurate representations of historic structures beyond traditional buildings.



In this study, the goal was to thoroughly record, archive, and access the bridge’s current status. The TLS technology played a primary role by providing a comprehensive 3D point cloud that captured the existing condition of the structure. Then, BIM utilized the TLS dataset as the basis to create a 3D model and 2D HAER drawings for further analysis, documentation, and presentation of the bridge. The model and drawings offered a level of detail and accuracy previously unattainable for the bridge. The documentation process also revealed several discrepancies between the bridge’s original design and its existing condition.



Throughout the case study, the advantages of TLS became evident, particularly its accuracy, non-intrusive nature, efficiency in data collection, and versatility in various environmental settings. These strengths were key in accurately documenting the historic bridge. However, the technology also encountered limitations, including challenges related to accessibility, environmental impacts on scan accuracy, and the complexities involved in managing vast datasets. These limitations highlighted the need for careful planning and execution to utilize TLS in heritage documentation.



This study broadens the scope of digital documentation methods in heritage conservation by demonstrating the effective integration of TLS and BIM on a historically and structurally complex bridge. It provides a comprehensive model that can be adapted for a wide range of heritage infrastructures and other engineering landmarks that are often challenging to document with high fidelity. The broader impact of this research also extends beyond the technical accomplishments. The comprehensive data collection and analysis have contributed to the structural assessment of the bridge. By establishing a detailed baseline record of the bridge’s condition, the project has set the stage for ongoing monitoring and future maintenance. Additionally, the digital representation of the bridge, especially the Matterport virtual space, has become a valuable tool for improving public engagement.




5.2. Recommended Areas for Further Study


Future research in heritage documentation is poised to significantly benefit from the integration and advancement of digital technologies, particularly focusing on areas such as UAV-based LiDAR, SfM or photogrammetry, automated damage detection, long-term monitoring and predictive modeling, optimization of data processing workflows, and the application of machine learning and artificial intelligence (AI) in data analysis.



The potential of UAV-based LiDAR and SfM technologies extends beyond traditional laser scanning, offering new avenues for capturing high-resolution data of hard-to-reach areas with enhanced efficiency and reduced risk. Coupled with the development of automated algorithms for damage detection, these technologies can facilitate more proactive and preventative maintenance strategies for large heritage structures, such as bridges. Moreover, leveraging TLS for long-term structural monitoring and employing predictive modeling could revolutionize how heritage sites are preserved, allowing for anticipating structural issues before they become critical. Additionally, optimizing data processing workflows to handle the vast amounts of data generated by these technologies will be crucial for ensuring the accessibility and usability of digital documentation efforts. Finally, machine learning and AI applications promise to unlock new insights from complex datasets, potentially revealing untapped historical knowledge and informing more effective conservation strategies.



Future studies could also build upon the foundational BIM model of the Edmund Pettus Bridge, incorporating condition assessments and maintenance strategies directly into the model. This expansion will enable a more dynamic use of BIM for preservation efforts, making it a proactive tool for heritage management. Research should focus on the seamless integration of TLS data with additional sources and the inclusion of engineering data to enhance model accuracy. Moreover, the development of visual tools to indicate model reliability across different sections could significantly aid in prioritizing conservation efforts. These steps will deepen the stakeholders’ understanding of heritage conservation practices and enhance the practical utility of BIM models in managing and preserving historic structures.
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Figure 1. Roadmap of the technological evolution of HDP’s documentation [23]. 
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Figure 2. TLS technology and its application in heritage documentation. (a) Principle of TLS. (b) A resultant point cloud of TLS survey. (c) A Heritage BIM (HBIM) model developed using the TLS point cloud data. 
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Figure 3. An aerial photograph of the Edmund Pettus Bridge. 
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Figure 4. Places of the bridge needing maintenance and repairs. (a) Corrosion and paint maintenance needed along Span-2. (b) Damaged railing plate and baluster on Span-8. (c) Chipped and damaged cast-in-place concrete stanchion and broken baluster on Span-7. (d) Damaged expansion joint and missing cover plate near the north approach ramp. 






Figure 4. Places of the bridge needing maintenance and repairs. (a) Corrosion and paint maintenance needed along Span-2. (b) Damaged railing plate and baluster on Span-8. (c) Chipped and damaged cast-in-place concrete stanchion and broken baluster on Span-7. (d) Damaged expansion joint and missing cover plate near the north approach ramp.



[image: Buildings 14 01940 g004]







[image: Buildings 14 01940 g005] 





Figure 5. The process of documenting the Edmund Pettus Bridge. 
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Figure 6. Pilot scans of Edmund Pettus Bridge. 
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Figure 7. Dense vegetation around the bridge. 
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Figure 8. West elevation of Edmund Pettus Bridge. 
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Figure 9. TLS survey phasing plan for Edmund Pettus Bridge. 
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Figure 10. Planned scanner locations on the bridge’s deck. 
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Figure 11. Registered point cloud of the whole bridge. 
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Figure 12. Complete BIM model of Edmund Pettus Bridge. (a) The complete BIM model of the bridge. (b) The main arch of Span-2 with Pier-1 and Pier-2. (c) A typical decking platform. (d) North approach railing. 
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Figure 13. Overlay of the complete BIM model on TLS point cloud for the Edmund Pettus Bridge, highlighting the integration of TLS data as a foundational layer. (a) An overlay view of the entire model (in gray) and the TLS point cloud (in color). (b) West elevation of the TLS point cloud. (c) West elevation of the model. (d) Top view of the TLS point cloud. (e) Top view of the model. (f) A view of the main arch and piers of Span-2, overlaying the model (in gray) and the TLS point cloud (in color). (g) A view of Span-1 and Span-2, overlaying the model (in gray) and the TLS point cloud (in color). (h) A view of the main arch of Span-2, overlaying the model (in gray) and the TLS point cloud (in color). (i) A section view of the main arch of Span-2, overlaying the model (in gray) and the TLS point cloud (in color). (j) Typical railing view, overlaying the model (in gray) and the TLS point cloud (in color). 
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Figure 14. A color-coded view for data integration of the complete BIM model of the Edmund Pettus Bridge. Note: Green for areas modeled directly using TLS data; orange for those modeled with the assistance of other RC data sources and the 1938 drawings; and red for sections that relied solely on historical drawings. 
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Figure 15. A process of developing the HAER drawings set. 
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Figure 16. An HAER drawings of the EPB developed from the BIM model. 
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Figure 17. Discrepancies discovered from the documentation. (a) The actual installation of the hangers supporting the main steel arch of Span-2 were actually installed (highlighted in green) with a 90-degree rotation from the original design (highlighted in yellow). (b) The designed width (shown on the left highlighted in yellow) of the upper concrete strut of Pier-5 is smaller than the actual dimension (shown on the right highlighted in green). 
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Table 1. Key specifications of a FARO X-330 scanner.
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	Specification
	Detail





	Range
	Up to 330 m (1082 feet)



	Field of View
	360° horizontal, 305° vertical



	Accuracy
	Up to ±2 mm (±0.08 inches) at 25 m (82 feet)



	Laser Class
	Class 1



	Scan Speed
	Up to 976,000 points/second



	HDR Imaging
	Yes, integrated



	Weight
	Approximately 5.2 kg (11.5 lbs)



	Multi-Sensor
	GPS, Compass, Altimeter, Dual-Axis Compensator



	Battery Life
	4.5 h of continuous scanning



	Data Storage
	SD Card or via Wi-Fi










 





Table 2. Software programs used for the Edmund Pettus Bridge project.
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	Software
	Use in Project
	Justification





	FARO SCENE
	Processing and registering TLS scan data.
	Compatible with FARO scanners; efficient in processing and registering a large amount of TLS scans.



	Autodesk ReCap Pro
	Cleaning and preparing point cloud for BIM and CAD use.
	Advanced editing tools; integrates well with Autodesk products.



	Autodesk Revit
	Developing the BIM model of the bridge.
	Industry standard for BIM; supports point cloud data.



	Autodesk AutoCAD
	Creating CAD drawings of the bridge.
	Precision drafting; widely accepted in professional fields.










 





Table 3. Scanner settings for Edmund Pettus Bridge project.






Table 3. Scanner settings for Edmund Pettus Bridge project.





	Scanner Setting
	Chosen Value





	Range
	Max (330 m/1082 feet)



	Resolution
	1/2



	Quality
	2×



	Scan Size
	20,480 × 8533 Pt



	Point Distance
	0.110 in/30 ft



	Scan with Color (Imaging)
	On



	GPS
	On



	Inclinometer
	On



	Scan File Size
	approx. 670 MB



	Scan Speed
	approx. 12:00 min/scan



	Firmware Version
	Rev. 5.5.9.1059
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