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TRANS-IPIC Quarterly Progress Report (Section 1 – 7, 5 pages max.):

Project Description:
1. Research Plan - Statement of Problem
Precast mechanically stabilized earth (MSE) wall systems are widely used in transportation infrastructure across the United States due to their advantages in quality, durability, and construction efficiency. However, despite being manufactured in controlled environments, these systems remain highly vulnerable to quality deficiencies throughout their lifecycle stages, including manufacturing, transportation, installation, and operation. Deficiencies at any stage can compromise structural performance, lead to premature failures, and result in significant repair costs. Given the large scale deployment of MSE wall systems, ensuring consistent and reliable quality control (QC) across their lifecycle is a critical yet unresolved challenge.

The current QC practice for precast MSE wall systems relies heavily on manual inspections that are labor-intensive, time-consuming, and prone to human error. Techniques such as tape measurements and visual inspections are commonly used in precast construction, but they are often incompetent to detect critical issues such as dimensional deviations from the design, reinforcement defects, and transportation-induced damages (Hong et al., 2025). Moreover, these practices are fragmented across lifecycle stages, with each stage operating in isolation. As a result, quality issues are often detected late, data are poorly shared, and root causes are difficult to trace. The reliance on static, checklist-based documentation further limits the ability to achieve proactive and integrated quality management.

Although emerging technologies such as building information modeling (BIM), digital twins, low-cost sensing tools (e.g., pocket LiDAR and smartphone cameras), and AI offer promising opportunities, they have not been effectively integrated into the current QC workflows. There remains a significant gap in developing a unified, automated, and lifecycle-oriented QC framework that leverages these technologies. Without such integration, the construction industry continues to face inefficiencies, inconsistent quality assurance, and limited data-driven decision-making. Therefore, there is a pressing need for a scalable, cost-effective solution that enables automated inspection, continuous data integration, and holistic quality management of precast MSE wall systems across all lifecycle stages.

2. Research Plan - Summary of Project Activities (Tasks)
Task 1: Assess the low-cost pocket LiDAR and develop AI algorithms for near real-time dimensional measures during manufacturing and construction stages. This task is decomposed into two subtasks. Subtask a) focuses on assessing the feasibility of pocket LiDAR in capturing dimensional features of PC MSE walls, and Subtask b) focuses on developing near real-time AI algorithms that can process the LiDAR scan data to derive the dimensional measures.

Task 2: Develop an AI algorithm to determine damage that occurs during transportation based on before- and after- images captured by smart phones. This task focuses on two subtasks: (a) assessing state-of-the-art image-based AI algorithms in monitoring precast damage, including classification, detection, and quantification, and (b) developing a VLM (Visual Language Model)-based algorithm for classifying precast damage during transportation and exploring damage quantification. 

Task 3: Integrate BIM with sensing technologies for generating accurate 3D as-builts and automating QC throughout PCS lifecycle stages. This task designs (1) a data-fusion approach for generating accurate 3D as-builts and (2) a digital twin-based method for automated compliance checking and documentation, covering the stages of precast plant production, transportation, lifting, and field installation.

Task 4: Validation and case studies. This task aims to verify and validate the methods, algorithms, and tools developed in Tasks 1, 2, and 3, which will be conducted using small-scale testbeds in the laboratory. 

Task 5: Presentation/panel discussions at 2027 Purdue Road School and the Precast Show. Project design and findings will be shared through presentation/panel discussions at 2027 Purdue Road School and workshops at 2027 Precast Show. This will be also an opportunity to hear from experienced researchers and practitioners in the field of precast concrete in transportation projects. 

Project Progress (Expenditures as of 06/30/2026: $27,315 from the sponsor; $9,508 from the cost share):
3. Progress for each research task

Task 1: Assessment of Low-Cost Pocket LiDAR and AI Algorithm Development [90% completed]
Task 1a (Feasibility Assessment): The feasibility assessment of pocket LiDAR system in capturing the dimensional features of precast concrete (PC) elements, was completed during the first quarter. This milestone accounted for the initial 50% of the task progress, as documented in the preceding quarterly report. 

Task 1b (Algorithm Development): During the second quarter, research efforts focused on developing near-real-time AI algorithms capable of processing LiDAR scan data to derive precise dimensional measures. This subtask contributed an additional 40% toward task completion. Consequently, the aggregate progress for Task 1 stands at 90%. 

Task 3: BIM Integration with Sensing Technologies for Lifecycle QC [50% completed]
An as-built BIM generation and automated dimensional compliance checking algorithm tailored for the manufacturing stage was developed, leveraging the as-designed BIM established in Task 1. With these core methodologies implemented, Task 3 has reached 50% completion. 

Technical Description: Digital Twin-based Automated Dimensional Compliance Checking
Given the overlapping technical scope and sequential workflow of Task 1b and Task 3, their research progress is presented collectively under the framework of “Digital Twin-based Automated Dimensional Compliance Checking.”

Figure 1 illustrates the framework developed for the automated dimensional compliance checking of PC elements. The proposed framework comprises three main components: (1) generation of an as-designed BIM, (2) near-real-time dimensional compliance checking powered by a pocket LiDAR system, and (3) generation of an as-built BIM embedded with the final compliance results.
[image: ]
Figure 1. Framework for digital twin-based automated dimensional compliance checking
1. Generation of the As-Designed BIM
An as-designed BIM was constructed to serve as the baseline geometric and semantic data source required by the compliance checking algorithm. Industry Foundation Classes (IFC) schema was utilized to formalize the designed geometry of the PC element, inspection items, design dimensions, and allowable tolerances. To streamline the inspection workflow, IfcTask entities and property sets were established for the pre-casting and post-casting inspections.

· Pre-casting Inspection Stage: The reinforcement bars were modeled using IfcReinforcingBar objects derived from engineering design drawings. For the sample panel used in this study, 36 dimensional measurements were taken to determine the positions of all reinforcement bars and whether they were located within the specified tolerances. 
· Post-casting Inspection Stage: The cast concrete panel was modeled as an IfcSlab object, explicitly defining its bounding planes, edges, vertices, and openings. For the sample panel, all 12 edges were measured to determine the overall geometry of the panel. 

The attributes for actual measured dimensions and compliance states (Pass/Fail) were intentionally left blank within the IFC structure, acting as dynamic data slots to be updated automatically upon field data processing. 

2. Near-Real-Time Dimensional Compliance Checking
The dimensional compliance checking workflow employs a pocket LiDAR-equipped smartphone (iPhone 16 Pro) and the Record3D application to capture RGB and depth images. This raw data is sequentially reconstructed into a 3D Gaussian Splatting scene. To optimize computational efficiency, a camera-centered Region of Interest (RoI) is isolated, filtering out background noise and extraneous objects. 

Following spatial filtering, the as-designed BIM is registered with the reconstructed 3D Gaussian scene. The geometric dimensions are then computed and compared against the design thresholds and tolerances stored within the BIM. As illustrated in Figure 2, this automated compliance checking algorithm is executed via six sequential steps: 

(1) RGB and depth images of the targeted PC element are captured using mobile pocket LiDAR system
(2) The captured data is processed utilizing SplaTAM (Keetha et al., 2024) to reconstruct the inspection scene as a 3D Gaussian representation
(3) Bounding filters isolate the target element, retaining only the 3D Gaussians projected within the inspection-relevant zone while discarding surrounding environment clutter. 
(4) The as-designed BIM is then registered with the reconstructed 3D Gaussian scene. To accommodate the distinct physical characteristics of each inspection phase, differentiated geometric representations are utilized:

· Pre-casting Stage: The formwork is abstracted as reference planes, while the reinforcing bars are represented as a synthetic distribution of 3D Gaussians along their centerlines. The alignment is achieved by overlapping the rebar Gaussians with the reconstructed reinforcement scans. 
· Post-casting Stage: Surface points are sampled from the designed 3D model, and the normal vector and centroid of each panel plane are used to align the panel geometry. The concrete plane surfaces are identified utilizing Random Sample Consensus) algorithm and matched to the 3D model. 

(5) After registration, the algorithm extracts the actual physical dimensions: 

· Pre-casting Stage: The perpendicular distances from the reference formwork planes to the center points of the rebar intersections are computed. 
· Post-casting Stage: Structural planes are fitted to the reconstruction surface, and the exact corner coordinates the resolved by computing the intersection points of three adjacent bounding planes. 

(6) The algorithm cross-references the measured dimensions against the design dimensions and tolerance limits stored in the as-designed BIM. The measured values and corresponding Pass/Fail results are written back to the IFC property sets, producing the final as-built BIM and dimensional compliance record.
3
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Figure 2. Near-real-time compliance checking algorithm for the pre-casting and post-casting stages.

3. Generation of the As-Built BIM
The final phase involves generating the digital twin record. The validated inspection data including the measurements, compliance outcomes, and details regarding the specific sensor are mapped directly back to update the IFC model. The resulting as-built BIM establishes a closed-loop data thread, seamlessly linking design intent, quality control protocols, physical measurements, and compliance analytics within a single standardized file. Figure 3 presents the 3D Gaussian reconstructions and the corresponding as-built BIMs for the pre-casting and post-casting inspection stages.
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Figure 3. As-built BIM for the precast concrete panel: (a) pre-casting 3D Gaussian reconstruction, (b) pre-casting as-built BIM of the reinforcement bars, (c) post-casting 3D Gaussian reconstruction, and (d) integrated as-built BIM of the complete panel.
Task 2 progress [0% completed]
This task hasn’t started.

Task 4 progress [0% completed]
This task hasn’t started.

Task 5 progress [0% completed]
This task hasn’t started.

4. Percent of research project completed
It is estimated that the project is 35% completed in this quarter ending on June 30, 2026.

5. Expected progress for next quarter
We estimate that 80% work of the total project will be completed by the end of next quarter. The specific results that will be delivered include:
· A comprehensive literature review to assess state-of-the-art image-based AI algorithms in precast damage monitoring, 
· A VLM-based algorithm that can identify damage during transportation, and
· Tasks 1, 2, and 3 validations in a testbed

6. Educational outreach and workforce development
A seminar was delivered to Georgia Tech CEE 4140 Building Information Modeling (BIM) in Construction on April 3rd, 2026.
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7. Technology Transfer
NA

Research Contribution:
8. Papers that include TRANS-IPIC UTC in the acknowledgments section:
NA

9. Presentations and Posters of TRANS-IPIC funded research:
A poster titled “Pocket LiDAR for Dimensional Measurement of Precast Concrete Panels” was presented on April 14, 2026 in the 2026 TRANS-IPIC UTC Workshop in Rosemont, Illinois.


10. Please list any other events or activities that highlights the work of TRANS-IPIC occurring at your university (please include any pictures or figures you may have). Similarly, please list any references to TRANS-IPIC in the news or interviews from your research. 
NA


Appendix 1: Research Activities, leadership, and awards (cumulative, since the start of the project)

A. Number of presentations at academic and industry conferences and workshops of UTC findings
· No. = 0

B. Number of peer-reviewed publications submitted based on outcomes of UTC funded projects
· No. = 0

C. Number of peer-reviewed journal articles published by faculty.
· No. = 0

D. Number of peer-reviewed conference papers published by faculty.
· No. = 0

E. Number of TRANS-IPIC sponsored thesis or dissertations at the MS and PhD levels.
· No. MS thesis = 0
· No.  PhD dissertations = 0
· No. citations of each of the above = 0

F. Number of research tools (lab equipment, models, software, test processes, etc.) developed as part of TRANS-IPIC sponsored research
NA.

G. Number of transportation-related professional and service organization committees that TRANS-IPIC faculty researchers participate in or lead.
· Professional societies
· No. participated in = 1
· No. lead = 1
· Advisory committees (No. participated in & No. led)
· No. participated in = 0
· No. lead = 0
· Conference Organizing Committees (No. participated in & No. led)
· No. participated in = 1
· No. lead = 0
· Editorial board of journals (No. participated in & No. led)
· No. participated in = 1
· No. lead = 0
· TRB committees (No. participated in & No. led)
· No. participated in = 0
· No. lead = 00

H. Number of relevant awards received during the grant year
· No. awards received = 

I. Number of transportation related classes developed or modified as a result of TRANS-IPIC funding.
· No. Undergraduate = 0
· No. Graduate = 0

J. Number of internships and full-time positions secured in the industry and government during the grant year.
· No. of internships = 0
· No. of full-time positions = 0

References:
Hong, Z., Hong, Y., Cai, H., Abraham, D.M., Zhang, J. and Dunston, P.S. (2025). ‘BIM-Based Framework for In-Plant Quality Control of Precast Concrete Manufacturing’, Journal of Construction Engineering and Management, 151(12), p.05025017. https://doi.org/10.1061/JCEMD4.COENG-16659.
Keetha, N., Karhade, J., Jatavallabhula, K.M., Yang, G., Scherer, S., Ramanan, D. and Luiten, J., 2024. Splatam: Splat track & map 3d gaussians for dense rgb-d slam. In Proceedings of the IEEE/CVF conference on computer vision and pattern recognition (pp. 21357-21366).
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