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Abstract

:

The quality assurance of constructing reinforced concrete (RC) structures in compliance with their design plays a key role in the durability, serviceability, and sustainability of the built RC elements. One area of concern in the quality control of constructing RC structures is examining the position and dimension of the rebars before pouring fresh concrete. Currently, this is accomplished by visual inspection and individually by hand with limited time available between construction stages. Over the past decades, structural health and monitoring during the construction period has applied remote sensing technologies. However, little research has focused on the use of such technologies to inspect and evaluate rebar placement prior to concrete pouring as quality control. In this study we develop an algorithm that facilitates inspecting the positions of rebars and the cover of concrete using a new-generation low-cost RGB-D sensor to find incorrect rebar placement. The proposed method is evaluated using a typical 5 × 5 two-layer rebar cage in the laboratory by comparing the proposed technique with traditional inspection methods. The results show that the RGB-D sensor can achieve cost-effective inspection for rebar spacing and clearance with an acceptable tolerance. The evaluation of rebar spacing results shows that the maximum standard deviation for rebar spacing is 0.34 inch (8.64 mm) between longitudinal rebar 2 and 3, which is the same as the rebar construction and traditional tape measurement results. The concrete cover estimation results show that the maximum standard deviation for rebar cage concrete cover is 0.19 inch (4.83 mm) for longitudinal rebar 3. The issues of new RGB-D sensor scan settings and the test results will be helpful for practitioners in improving construction quality.
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1. Introduction


The damage caused by rebar corrosion to reinforced concrete (RC) structures is a serious problem. Rebar placement quality control is vital for improving productivity, safety, and sustainability in construction projects [1]. The inspection of rebar placement is one important quality control process for the construction in ensuring structural performance and sustainability. The quality control of rebar placement of an RC element is expertise-dependent and tedious work [2]. Typically, the checklists for rebar inspection before concrete pour include rebar spacing, rebar elevation, rebar size, and concrete cover [3]. It is necessary to check whether the rebar placement meets the design drawings before placing fresh concrete since the location of rebars dictates the strength and durability of the RC element. The error between the rebar construction and rebar design drawing should not exceed the tolerance. The incorrect rebar placement and correct cover can lead to reduced durability due to possible cracks, spalling, and rebar corrosion. The consequences of low-quality rebar construction will result in the short service life of structures and the possibility of safety issues such as collapses. Additionally, the rebars must be appropriately surrounded by the concrete; thus, spacing between the rebars should be large enough for the gravel in concrete and the vibrator to pass among them. Therefore, rebar placement inspection could impact structural performance, serviceability, safety, and future maintenance cost [4].



Currently, the most common way to inspect rebar elements is manually measuring them by tape measurement. The transitional monitoring method takes a long time, requires more than one inspector to double-check, and cannot obtain a permanent digital record [5]. In addition, inspectors need to stand on the rebar mat during measuring a large-scale construction site, which creates safety issues for the inspectors and potential damage to the fabricate of the rebar cages [6]. Therefore, an automatic and non-contact rebar inspection technique is needed. The automatic rebar placement inspection can make sure the as-built rebar mat meets the requirements or specifications in an effective way to maintain the durability and sustainability of the structures. Automated rebar inspection methods may be a promising solution to the current labor-intensive construction monitoring industry and increase productivity. Therefore, this research aims to develop a rebar detection algorithm that uses low-cost RGB-D sensors to automatically check the spacing and elevation of rebar and concrete cover to detect any unacceptable differences before concrete pouring.



This paper describes the development and implementation of an algorithm that automatically inspects the positions of rebars with the data obtained from a new-generation Azure Kinect RGB-D low-cost sensor. The automatic estimation algorithm finds spacing differences before pouring the concrete. In this paper we also investigate whether the Azure Kinect sensor could be used to create digital twins of rebar models. Azure Kinect’s depth sensor captures and processes a 3D digital dataset that is displayed for the inspector. We developed a new rebar recognition algorithm to detect the rebar location in a typical rebar cage. The case study results are presented with sufficient detail, highlighting the advantages and disadvantages of the new approach, which will improve with the continuing development of technology.




2. Research Background


2.1. Specifications for Rebar Inspection, Concrete Cover


Concrete is a brittle material and possesses a low tensile strength (i.e., less than 10 percent of compressive strength), which causes the occurrence and propagation of cracks due to load [7]. Steel rebar is the most common reinforcement strategy to withstand tensile stresses and avoid brittle failure of concrete structures. The installation process involves placing the required rebars computed according to the design specifications, such as ACI-318, inside the formwork, then pouring fresh concrete to embed the reinforcement. After vibration, a strong interface bond is formed between rebar and concrete. Correct rebar placement will impact the RC element strength and durability crucially. According to ACI 318, the maximum spacing for rebars is 18 inches for flexure or shrinkage. In addition, the minimum clear spacing between rebars must be at least equal to the largest of a 1 inch nominal diameter of the longitudinal reinforcing bars, or 4/3 the nominal maximum size of coarse aggregate in the concrete mix. Table 1 summarizes specification documents of construction tolerance for a typical RC element according to ACI 117 [8], including rebar spacing, rebar elevation, and concrete cover. Figure 1 also illustrates the schematic definition of tolerances for rebar spacing and concrete cover. According to ACI 117, the allowable tolerance for the position of longitudinal rebars is ±0.5 inch for an RC structure depth smaller than 12 inches. The allowable tolerance for concrete cover with a depth <12 inches is ±3/8 inch. The tolerance for rebars needs to comply with the engineering blueprint drawing and related specifications [8,9].




2.2. Literature Review


Over the past decade, automated data collection methods have utilized different technologies; for example, 3D laser scanners, photogrammetry, and 2D cameras have been explored to automate the inspection of RC elements. LiDAR and depth cameras are the most popular remote sensing technologies in the non-contact inspection area. Researchers have used LiDAR scanners and different data processing algorithms to inspect RC structures. Kim Min-Koo et al. worked on the rebar behavior inspection of a sustainable RC slab using LiDAR. They developed a machine-learning-based algorithm to detect the rebar position and formwork dimension [10]. The limitation of their study is that they only focus on the top layer of the rebar mat. Qian Wang et al. conducted a study on dimensional quality assessment for formwork and rebar using colored laser scan data in 2020 [11]. However, their algorithm can only determine the average position of the side rebar, which hides the internal rebar placement errors. X Yuan et al. developed a recognition algorithm that automatically identifies the rebar position using LiDAR in 2021 [12]. The experimental results can detect the rebar location for each bay, which is done with high accuracy but needs a large-scaled field validation. These studies focus on RC component inspection, all using LiDAR scanners. Other researchers proposed reliability estimation of reinforced slopes and the critical risks method (CRM) to prioritize the sustainability of critical RC infrastructures, which are promising RC component inspection and management technologies [13,14,15].



Given that laser scanners are relatively expensive, the use of low-cost RGB-D sensors has been increasing due to the ability of these sensors to capture depth and color images from the scene simultaneously. A wide variety of inspection tasks in civil engineering have been approached using RGB-D data. Ahmadreza et al. [16] measured pavement surface characteristics using a Kinect RGB-D sensor and demonstrated their ability to reconstruct the 3D pavement surface with acceptable accuracy using an RGN-D sensor. Zhu, Z. and Donia, S. [17] studied the potential of RGB-D cameras in as-built indoor environment modeling. Their studies show that the RGB-D camera can provide a stream of mild-accurate sensing data in real-time. They indicated that a high degree of automation could be achieved by combining spatial and visual data from the camera when modeling the as-built conditions in building indoor environments. Recently, Kim, Hema., et al. [18] proposed a crack identification strategy using a combination of RGB-D and high-resolution digital cameras to measure cracks accurately regardless of the angle of view. The measurement accuracy of the RGB-D approach was validated on an actual concrete structure. Koppula et al. [19] used a graphical model to capture various features and contextual relations for object recognition in indoor scenes using a Kinect RGB-D sensor. There are barely any studies using depth sensors for rebar identification. Rebar inspection is especially challenging due to rebar’s relatively narrow spacing, the congested cages of rebar hooks, tie hooks, and overlapped longitudinal rebars, particularly in the beam-column joints, and the presence of several layers of rebars [20]. The hardware improvements of the Azure Kinect sensor provide a promising solution for rebar inspection for its greater and more powerful spatial data simultaneous localization and mapping.





3. Methodology


In this research we designed a new RC field inspection methodology that involves using the RGB-D sensor to address the limitations and difficulties faced by engineers during a visual inspection. Figure 2 shows the flowchart of the proposed RC component inspection process, which includes three modules. The first module is a preparation module; the authors set up the Azure Kinect RGB-D sensor, test and calibrate the sensor, and design and build the rebar mat model. The second step is the inspection module; this module includes experimental set-up, rebar spacing measurement by tape, and rebar mat data collection by RGB-D sensor. The RC element can be scanned and RC element point cloud data can be collected by one scan per its size. The last step is the data processing module. The raw data are preprocessed by removing background noise and outliers. After removing the noise, the remaining scan data are used for the detection of rebars by applying the developed algorithm. Finally, the rebar spacing and concrete cover estimation are performed.



3.1. Data Acquisition


The raw scan data are acquired by a low-cost RGB-D sensor known as Azure Kinect from Microsoft [21]. Microsoft released it as a cost-effective alternative for acquiring 3D point-cloud data. The Azure Kinect uses time-of-flight measurement, is less sensitive to interference with other sensors, and provides a higher resolution [21]. Figure 3 shows the incorporated sensors of Azure Kinect: a 12-megapixel RGB color camera; a 1-megapixel amplitude modulated continuous wave time-of-flight depth camera with a bandwidth of 850–862 nm; and an IR emitter [22]. Azure Kinect is a developer kit with advanced AI sensors for sophisticated computer vision. RGB-D sensors combine RGB color information with per-pixel depth information. The output of this sensor is a point cloud: a collection of points in 3D space, where each point can have additional features associated with it. The depth provided outside of the indicated range depends on object reflectivity. The output of the data format is colorized point cloud data. A depth map is a set of Z-coordinate values for every pixel of the image, measured in units of millimeters.



Rebar layout design may vary considerably for different construction components. Construction components in which rebars are positioned in a two-way arrangement in vertical and horizontal directions entail high rebar consumption. Real-time, high-quality, 3D scanning of rebar inspection is key to the automatic construction quality control process. In this study we aim to automatically detect the rebar placement quality using a new algorithm based on the Azure Kinect RGB-D sensor on a slab. The flowchart of the methodology is shown in Figure 4.



Data collection using RGB-D sensors can be conducted by creating a recording of the scanning using k4arecorder.exe. Then we can use the Azure Kinect Viewer to play back a recording. To be specific, we launch k4aviewer.exe first, then Unfold the Open Recording tab and open the recording. The recording of the dataset will be shown as below.




3.2. Data Processing


The first step for data processing is to remove background noise and outliers. The raw point cloud data scanned by the RGB-D sensor are implemented and segmented in the top and bottom rebar mat, the stirrup, and the outlier using CloudCompare filter [23]. After denoising, the next step is to detect the rebar position from the clean data. For the task of rebar position detection using an RGB-D sensor, the authors developed a slicing algorithm to detect the rebar object from raw point-cloud data.



The algorithm procedure is summarized in the flow diagram shown in Figure 5 below. Rebar location estimation procedure: first, every individual rebar detected as a subsection in each bay for transverse rebar; second, detect the sliced rebar subsection center as elevation value; third, each rebar detected in each bay as sub-section for longitudinal rebar; fourth, detect the sliced rebar subsection center as an elevation value. The cluster represents the rebar with the most points from the point-cloud model. A clustering algorithm is applied to determine the center of clusters with the most points, which are the location of rebars. The clusters’ areas are windowed by a moving bin. The width of the moving bin is determined by the size of the cluster and the whole structure. The size of the bin is critical to obtain an accurate rebar position. Ideally, if the bin’s width is too small, the total computation time is high, but if the width of the bin is too large, the accuracy of the recognition is low.




3.3. Rebar Spacing and Concrete Cover Estimation


This step is going to discuss the sustainability of the RC structure based on the quality of rebar placement. Once the rebar center point is detected, rear spacing and concrete cover are estimated. First, rebar spacing is defined as the distance between the center points of the adjacent two rebars. If the quality of rebar placement is good, rebar spacing between each subsection should be the same, as shown below,    S 1  =  S 2  =  S 3  =  S 4   . If the two adjacent rebars have the wrong placement, the spacing value between each subsection will have a considerable standard deviation. The larger the variability in the spacing values, the worse the quality of the fabrication [24]. In addition, the angle can indicate the placement quality. The larger the angle, the worse the placement quality. Figure 6 below is the illustration of rebar spacing estimation.



Another practical inspection of RC structure during construction is the top and bottom concrete cover. Typically, the spacer and ground can limit the bottom concrete cover; therefore, in this study we will focus on the cover inspection. The top concrete cover is computed as the distance between the outer rebar surface and the top concrete surface. The placement quality of rebar may result in the lack of concrete cover, or even if the concrete cover is enough, the deviation of concrete cover value will lead to uneven structural strength distribution, which is the main reason for cracks and defects in RC structures [25]. Figure 7 below shows the illustration of the top cover for good- and bad-quality rebar placement.





4. Experiment Validation


4.1. Rebar Specimen Description


To validate the proposed rebar detection and the performance of the RGB-D sensor, a two-layer rebar mat was constructed in the laboratory to simulate the actual structural construction setting in the field. The testbed was designed to simulate an RC structure with the dimensions of 27 inches (685.8 mm) × 27 inches (685.8 mm) × 9 inches (228.6 mm). The rebar cage inside the RC structure has a size of 24 inches (609.6 mm) (length) × 24 inches (609.6 mm) (width) × 5 inches (127 mm) (height), as shown in Figure 8. Figure 8 (a) is the blueprint of the simulated rebar cage. The spacing for all bays for both layers of the #5 rebar is 5 inches (127 mm). Figure 8 (b) shows the finished rebar cage.



The experimental setup is shown below. The spacemen are a two-layer rebar cage; the data acquisition devices are the Azure Kinect and a laptop. A light meter was used during the experiment to test the light conditions.



The scan range of the Azure Kinect is based on the setting, as shown in the table below. In this study we evaluated the rebar location information holding the device 50 cm away from the rebar cage. RGB-D images were captured and then depth images transferred to point cloud data that contains x, y, z coordinates, and RGB color values. To compare the RGB-D sensor detection ability with traditional manual tape measurement, the reference measurements of the rebar spacing of each bay were measured manually with steel tape. Table 2 below is the operation ranges for the RGB-D sensor used in this study. Depth camera of RGB-D sensor supports 4 operating modes: NFOV unbinned, NFOV 2 × 2 Binned, WFOV 2 × 2 Binned, and WFOV unbinned. Since the object of this study is a rebar mat which has wider view and low elevation value, we choose WFOV unbinned mode for high resolution.



Figure 9 shows the key elements for the rebar inspection using RGB-D sensor in the experimental setup: rebar cage as the testing specimen; Azure Kinect RGB-D as the sensor; laptop for controlling the data collection using the Azure Kinect RGB-D sensor (required); and light meter to explore the effect of different light condition.



The authors experimented in an outdoor environment to evaluate the performance of the RGB-D sensor for close-range targets. The image acquisition process was repeated three times in various lighting conditions. Researchers measured the luminous flux using the light meter from URCERI. The result shows the indoor light condition has the best quality because of no shadow. Because of the IR emitter, this device can also work at night and obtain the point-cloud model of the rebar cage. Figure 10 below shows the point-cloud model of the rebar cage under indoor light and night.



The authors chose the rebar model under the indoor light condition for less noise and higher accuracy as the data for further analysis. The RGB-D frame was converted from a video format to the point-cloud model by the transformation example from Azure Kinect. We read the point-cloud model in CloudCompare software, filtered the data by the nearest neighbor method, and segmented the rebar model manually to the top and bottom layers. Before estimating rebar spacing, top layer rebar and bottom layer rebar point clouds were cleaned using the ‘pcdenoise’ function and we then implemented the rebar detection algorithm. Figure 11 and Figure 12 show the denoised rebar point-cloud model of the top and bottom rebar layers. Since the bottom layer was farther away from the RGB-D sensor, the bottom rear model has fewer points than the top layer.




4.2. Test Results


4.2.1. Rebar Spacing Estimation


Rebar cage point-cloud models were extracted from the recorded video files using the ‘k4a transformation depth image to point cloud’ function provided by Microsoft as part of the Azure Kinect developer tools [22]. This function operates by first manually defining the timestamp where frames are pulled from the color and depth channels. For each corresponding pair of depth and RGB images, the depth map was transformed to the geometry of the color camera, producing a single RGB-D frame.



Spacing Index


The slicing algorithm can capture the center of each cluster along a given axis of the point cloud, as shown in Figure 13. Figure 13a shows the rebar detection result along the X-axis for the top rebar layer. The five black dots represent the location of each transverse rebar. The black dots represent the center of each blue cluster inside the grey bin. This means in the slice 5–6-inch bin, the black dots are the locations of rebar A, B, C, D, and E in this slice. The deviation between each black dot demonstrates the spacing between two adjacent rebars, for the case shown in the Figure 13 below, spacing between A and B, B and C, C and D, and D and E will be calculated by the difference in the Y value of each black dot. In addition, each black dot has (x, y, z) 3D value; the z value is the average height of rebar A, B, C, D, and E. Similarly, in Figure 13b, we can obtain the (x, y, z) value of rebar 1, 2, 3, 4, and 5. The results show that the developed algorithm can automatically and rapidly obtain a comparable measurement to tape measurement using the portable, low-cost RGB-D sensor.



According to the results of the slicing algorithm, we can determine the spacing of rebars for each bay. Figure 14 shows the name of rebars and the name of bays to represent the subsection of each rebar for spacing measurement.



The RGB-D sensor calculated the spacing value compared with the designed value. The standard deviation of each subsection spacing was calculated using the equation below. The error E1 was calculated as the error between the RGB-D sensor measurement and each design spacing along the X-axis for the longitudinal rebars.


  s t d =     ∑    (   x i  −  x ¯   )   2    N − 1      



(1)







Table 3 shows the comparison of spacing between the RGB-D sensor measurement and the designed spacing. E1 is the spacing error for each bay. Since the point-cloud data around 3B4C and 4B5C are sparse and uneven, the rebar detection black dots are lower rather than in the middle of the rebar clouds. That is the reason why rebar spacing error E1 has a jump at 3A4B. The maximum E1 value is −1.10 inches (−27.96 mm), spacing between rebar B and C in bay 4B5C. The standard deviation for each rebar spacing shows the variation in rebar placement. The worst condition is rebar A to B with the standard deviation value of 0.19 inch (4.83 mm).



Similarly, Table 4 shows the spacing comparison of the RGB-D sensor measurement with the designed spacing along the Y-axis for longitudinal rebars. The maximum E2 is 0.53 inch (13.46 mm), located at bay 1D2E for rebar 1 and rebar 2. The standard deviation for each rebar spacing shows the rebar placement quality. The worst condition is rebar 2 and 3 with the value of 0.34 inch (8.64 mm). The spacing between rebar 2 and rebar 3 has more error than the designed spacing than other rebars; these uneven distributions of rebar placement will deduct the strength of the RC element.




Angle Index


The angle of rebar placement is another index for rebar quality, as we discussed in Section 3.3 The rebar incline angle problem can be evaluated as shown in Figure 15. The larger the angle  α  is, the greater the inclination of the rebar. When the spacing error for    S 4 ′    is the tolerance spacing error 0.5 inch, the tolerance angle  α  would be 1.19°. Therefore, if the angle is larger than 1.19° the rebar placement quality is not as good as required. The angle index can illustrate the quality condition of rebar placement.



Table 5 below contains the incline angle for each rebar. The positive angle is defined as rebar incline to up and right, and the negative angle is defined as the rebar decline to left and bottom. We can see the largest α for the transverse rebar is 2.99° for rebar B, incline to the top; the largest α for longitudinal rebar is 1.43° for rebar 2, incline to the right; and −2.60° for rebar 5, incline to the left. The incline conditions of rebar B, rebar 2, and rebar 5 make the spacing deviate more than the others.





4.2.2. Concrete Cover Estimation


Concrete Cover Index


Rebar should be positioned low enough in the RC element because shrinkage and temperature cracks originate at the surface of the concrete. The testbed in this study is a slab with a concrete cover design of 1.5 inches (38.10 mm). In this study, the longitudinal rebar is on the outside of the top layer. Therefore, the top concrete cover is the difference between the designed concrete cover and longitudinal rebar outer surface, as Equation (2) shows.


Top concrete cover = 9 inch − longitudinal rebar outer surface



(2)







Figure 16 shows the rebar 3D elevation surface plot and Figure 17 shows the same rebar data in a 2D view.



Table 6 shows the comparison of concrete cover for the longitudinal rebar of the top layer. For each rebar, we read the z value of A, B, C, D, and E node and if the error is positive, it means the testbed has a higher concrete cover than designed; if the error is negative, then the testbed has a lack of concrete cover. According to Table 1, the concrete cover tolerance for the slab depth smaller than 12 inch is   ±  3 8    inch, so all the errors larger than that mean bad quality. The maximum for concrete cover error is 0.38 inch, located at rebar 3 node E.




Concrete Cover Angle Index


If the uneven distribution of concrete cover is caused by the rebar vertical incline, there is a need to look at the vertical rebar incline angle   β  , as shown in Figure 18.



Table 7 below shows the angle of each rebar. If the elevation error for one rebar is the tolerance value 0.375 inch, the rebar is 24 inches, and the calculated elevation maximum acceptable angle would be 0.90°. Therefore, if the elevation angle absolute is larger than 0.90°, the quality for elevation placement does not match the specifications. Consequently, we can obtain the angle as a quality index, as shown in Table 7. The maximum angle for the transverse rebar is 0.93°, larger than the tolerance, so here is a dangerous point. The maximum angle for longitudinal rebar is 0.31°, which is smaller than the tolerance, so the longitudinal rebars have good placement quality for the elevation concrete cover.






4.3. Discussion


This section describes the experimental validation of the RGB-D sensor for rebar scanning and rebar detection. For practical considerations, researchers measured the experimental light conditions using the light meter from URCERI. The different experimental results show that the Azure Kinect has better precision and repeatability performance under a 153-lux lighting condition. This light and acceptable data collection range could be a limitation for using Azure Kinect for large-scale field rebar inspection. The effect of distance and lighting conditions when using the Azure Kinect sensor is recommended as being no longer than 3 m and use indoors or in an evenly light outdoor environment is also recommended. The advantages of using the Azure Kinect RGB-D sensor are that it is cost-effective, lightweight, and portable compared to the most common point-cloud data collection tool, LiDAR. The RGB-D sensor needs to warm up for 60 min to obtain a stable output. The results were processed on a standard desktop computer (Intel i7 6700k, 4.00 GHz CPU, 16 GB RAM, and 500 GB SSD [26]). The processing time required varied for different scan sizes. Approximate ranges of time requirements for each step are shown in Table 8 below. All the time can be thought of as the “worst-case” as there is a potential for computational speed improvements at various steps. The total time needed for the data collection and processing will be around 80.08 min to 165.5 min, which is less than 3 h.





5. Conclusions


In this study we assessed the effect of a low-cost RGB-D sensor for rebar location identification. We studied the rebar spacing and elevation position quality inspection, and future work will include rebar diameter inspection. Firstly, the authors conducted four experiments to evaluate the new Azure Kinect RGB-D sensor thoroughly. Then, a slicing algorithm was developed to detect the location of the rebar from the digital twin’s model. Finally, researchers compared the measurement results collected by the RGB-D sensor with the rebar spacing as a designed value. The comparison results between the RGB-D sensor have a maximum standard deviation of 0.19 inch for the X-axis and a maximum standard deviation of 0.34 inch for the Y-axis, which shows the placement quality and sustainability of rebar placement. In summary, this paper demonstrates an automatic rebar detection algorithm using the Azure Kinect RGB-D sensor. The developed automated rebar detection technology using Azure Kinect is a promising tool to detect and post-process RC structure inspection in a manner that is cost-effective, non-defective, and safe.
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Figure 1. Illustration of the reinforcement concrete structure: (a) rebar spacing; (b) concrete cover. 
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Figure 2. Flowchart of proposed formwork. 
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Figure 3. RGB-D sensor (Azure Kinect) and origin position of x+, y+, and z+ axis, from where the data points are defined. 
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Figure 4. Azure Kinect sensor playback view of data acquisition procedure. 
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Figure 5. Rebar detection algorithm procedure. 
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Figure 6. Illustration of rebar spacing and angle inconsistencies: (a) illustration of good placement of rebar with consistent spacing; (b) illustration of good placement of rebar with zero angle; (c) illustration of bad placement of rebar showing inconsistent spacing; (d) illustration of bad rebar placement showing non-zero angle. 
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Figure 7. Illustration of concrete cover estimation. 
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Figure 8. Experimental configuration: (a) rebar cage design and (b) assembled rebar cage. 
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Figure 9. Experimental data collection setup. 
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Figure 10. Rebar cage point-cloud model: (a) indoor light (153 lux); (b) night scan (0 lux). 
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Figure 11. Top layer rebar model in Matlab. 
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Figure 12. Bottom layer rebar model in Matlab. 
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Figure 13. Rebar detection results of top layer: (a) along X-axis; (b) along Y-axis. 
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Figure 14. Rebar and subsection spacing nomination. 
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Figure 15. Rebar incline angle calculation. 
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Figure 16. Rebar 3D elevation surface plot of rebar cage. 
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Figure 17. Rebar 2D view of elevation surface plot of rebar cage. 
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Figure 18. Rebar vertical clearance. 
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Table 1. Reinforcement concrete structure inspection allowable checklists [8].
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Items

	
Symbol

	
Allowable Tolerance






	
Rebar spacing

	
s

	
±0.5 inch (±12.7 mm)




	
Concrete cover

	
c

	
±3/8 inch (±9.5 mm) for concrete slab depth ≤12 inch (304.8 mm)




	
±1/2 inch (±12.7 mm) for concrete slab depth >12 inch (304.8 mm)
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Table 2. RGB-D sensor operating ranges.
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	Mode
	NFOV

Unbinned
	NFOV

2 × 2 Binned
	WFOV

2 × 2 Binned
	WFOV

Unbinned





	Operating range (m)
	0.5–3.86
	0.5–5.46
	0.25–2.88
	0.25–2.21







NFOV: narrow field of view; WFOV: wide field of view.
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Table 3. Comparison of the RGB-D sensor measurement with the designed spacing along the X-axis.
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Transverse

Rebar

	
Spacing

	
Sensor

(inch)

	
Designed

(inch)

	
Error (E1)

(inch)






	
A–B

	
1A2B

	
4.84

	
5.00

	
−0.16




	
2A3B

	
4.76

	
5.00

	
−0.24




	
3A4B

	
4.40

	
5.00

	
−0.60




	
4A5B

	
4.64

	
5.00

	
−0.36




	

	
std

	
0.19

	
0

	
0.19




	
B–C

	
1B2C

	
4.09

	
5.00

	
−0.91




	
2B3C

	
4.06

	
5.00

	
−0.94




	
3B4C

	
4.04

	
5.00

	
−0.96




	
4B5C

	
3.90

	
5.00

	
−1.10




	

	
std

	
0.08

	
0

	
0.08




	
C–D

	
1C2D

	
4.69

	
5.00

	
−0.31




	
2C3D

	
4.81

	
5.00

	
−0.19




	
3C4D

	
4.96

	
5.00

	
−0.04




	
4C5D

	
4.93

	
5.00

	
−0.07




	

	
std

	
0.12

	
0

	
0.12




	
D–E

	
1D2E

	
4.98

	
5.00

	
−0.02




	
2D3E

	
4.78

	
5.00

	
−0.22




	
3D4E

	
4.61

	
5.00

	
−0.39




	
4D5E

	
4.70

	
5.00

	
−0.30




	

	
std

	
0.16

	
0

	
0.16
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Table 4. Comparison of the RGB-D sensor measurement with the designed spacing along the Y-axis.
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Longitudinal Rebar

	
Spacing

	
Sensor

(inch)

	
Designed

(inch)

	
E2

(inch)






	
1–2

	
1A2B

	
5.09

	
5.00

	
0.09




	
1B2C

	
5.17

	
5.00

	
0.17




	
1C2D

	
5.40

	
5.00

	
0.40




	
1D2E

	
5.53

	
5.00

	
0.53




	

	
std

	
0.20

	
0

	
0.20




	
2–3

	
2A3B

	
5.22

	
5.00

	
0.22




	
2B3C

	
4.78

	
5.00

	
−0.22




	
2C3D

	
4.64

	
5.00

	
−0.36




	
2D3E

	
4.42

	
5.00

	
−0.58




	

	
std

	
0.34

	
0

	
0.34




	
3–4

	
3A4B

	
4.65

	
5.00

	
−0.35




	
3B4C

	
4.66

	
5.00

	
−0.34




	
3C4D

	
4.73

	
5.00

	
−0.27




	
3D4E

	
4.77

	
5.00

	
−0.23




	

	
std

	
0.06

	
0

	
0.06




	
4–5

	
4A5B

	
5.36

	
5.00

	
0.36




	
4B5C

	
5.38

	
5.00

	
0.38




	
4C5D

	
5.40

	
5.00

	
0.40




	
4D5E

	
5.41

	
5.00

	
0.41




	

	
std

	
0.02

	
0

	
0.02
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Table 5. Incline angle of each rebar.
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	Transverse Rebar
	 α  (°)
	Longitudinal Rebar
	 α  (°)





	A
	1.64
	1
	1.09



	B
	2.99
	2
	1.43



	C
	2.73
	3
	−1.12



	D
	1.91
	4
	−1.67



	E
	2.45
	5
	−2.60
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Table 6. Comparison of concrete cover between sensor measured value and designed value.
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Rebar

	

	
  C  t _ s e n s o r   

(inch)

	
  C t  

(inch)

	
  E  c t   

(inch)

	
Rebar

	

	
  C  t _ s e n s o r   

(inch)

	
  C  t o   

(inch)

	
  E  c t   

(inch)






	
1

	
A

	
1.57

	
1.50

	
−0.07

	
4

	
A

	
1.44

	
1.50

	
0.06




	
B

	
1.53

	
1.50

	
−0.03

	

	
B

	
1.49

	
1.50

	
0.01




	
C

	
1.43

	
1.50

	
0.07

	

	
C

	
1.42

	
1.50

	
0.08




	
D

	
1.45

	
1.50

	
0.05

	

	
D

	
1.14

	
1.50

	
0.36




	
E

	
1.49

	
1.50

	
0.01

	

	
E

	
1.15

	
1.50

	
0.35




	
std

	
0.06

	
0

	
0.06

	
      std

	
0.17

	
0

	
0.17




	
2

	
A

	
1.53

	
1.50

	
−0.03

	
5

	
A

	
1.54

	
1.50

	
−0.04




	
B

	
1.50

	
1.50

	
0.00

	

	
B

	
1.55

	
1.50

	
−0.05




	
C

	
1.42

	
1.50

	
0.08

	

	
C

	
1.53

	
1.50

	
−0.03




	
D

	
1.37

	
1.50

	
0.13

	

	
D

	
1.58

	
1.50

	
−0.08




	
E

	
1.32

	
1.50

	
0.18

	

	
E

	
1.61

	
1.50

	
−0.11




	
std

	
0.09

	
0

	
0.09

	
      std

	
0.03

	
0

	
0.03




	
3

	
A

	
1.51

	
1.50

	
-0.01

	

	

	

	

	




	

	
B

	
1.35

	
1.50

	
0.15

	

	

	

	

	




	

	
C

	
1.13

	
1.50

	
0.37

	

	

	

	

	




	

	
D

	
1.17

	
1.50

	
0.33

	

	

	

	

	




	

	
E

	
1.12

	
1.50

	
0.38

	

	

	

	

	




	
std

	
0.17

	
0

	
0.17
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Table 7. Elevation incline angle of each rebar.
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	Transverse Rebar
	 β  (°)
	Longitudinal Rebar
	 β  (°)





	1
	0.19
	A
	−0.07



	2
	0.50
	B
	0.05



	3
	0.93
	C
	0.24



	4
	0.69
	D
	0.31



	5
	−0.17
	E
	0.29
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Table 8. Computational time requirements.
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	Rebar Scanning
	5–30 s





	Point-cloud data format transformation
	10–15 min



	Point-cloud data preprocessing
	1–2 h



	Rebar detection
	10–30 min



	Total time
	80.08–165.5 min
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