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This paper presents a structural inspection of loaded concrete members using robotic nondestructive testing techniques. The hand-held nondestructive test methods are the most common tools to detect internal defects. Due to the accessibility problem, environmental contamination or safety issues, the Robotic NDT plays an indispensable role in health monitoring and inspection of such structures. The robotic systems are developed for various NDT sensors such as ground Pentation Radar (GPR), Echo Hammer and Portable Seismic Properties Analyzer (PSPA). To develop the techniques, twelve reinforced concrete beams are fabricated in four different groups to simulate the most common types of concrete defects. These groups are control beams; beams with the internal void; beams with corroded bars and beams with debonded bars, respectively. Some of the beams have non-uniform thicknesses and others have rough surfaces (honeycombing). These beams are inspected robotically while they are not loaded and then the same beams are inspected while they are loaded under a mainframe MTS system. The purpose of the second inspection is to track the progress of the internal defects. The loaded beams inspection is performed at three loading states, state one is at post cracking, state two is at 0.70 of ultimate load and the third state is at the ultimate load. The outcome of this study shows that developing a Robotic NDT system can be an effective method to assess the structural conditions of defected concrete members.

Introduction

In recent decades, engineers have been using NDT (Nondestructive Test) instruments [START_REF] Yehia | Detection of common defects in concrete bridge decks using nondestructive evaluation techniques[END_REF][START_REF] Warnemuende | Actively modulated acoustic nondestructive evaluation of concrete[END_REF][START_REF] Sansalone | Impact-echo. Nondestructive evaluation of concrete and masonry[END_REF] to inspect and assess the structural conditions of reinforced concrete members. In hazardous or inaccessible areas such as nuclear energy structures, tunnels or dams, it is not always appropriate to perform the tests manually [START_REF] Gucunski | Concrete bridge deck early problem detection and mitigation using robotics[END_REF][START_REF] La | Autonomous robotic system for bridge deck data collection and analysis[END_REF]. Consequently, sending a robot instead of a human to record the data becomes necessary. The robotic assessment will be performed in two aspects, surface conditions, and structural deteriorations. Hola et al. [START_REF] Hoła | Concrete surface roughness testing using nondestructive threedimensional optical method[END_REF] used a three-dimensional optical method to scan the roughness of the concrete surface. He used SICK IVC-3D (Laser Profile Scanner) to record the data. Two different concrete slabs were analyzed. Cameras were placed at a specific triangulation angle (the angle between the light plane and the camera's optical axis) to evaluate the resolution of images. The results showed that having a higher resolution helped to obtain better data of a rough region of concrete surfaces. Grzelka et al. [START_REF] Grzelka | Investigations of concrete surface roughness by means of 3D scanner[END_REF] used 3D scanners to evaluate the surface of concrete floors. His results indicated that concavity and convexity values can determine the difference between images obtained from the smooth and rough surface of the concrete.

Abraham et al [START_REF] Abraham | Nondestructive Evaluation of Concrete Material Properties for Nuclear Power Plant Survey: Results in the Laboratory and on the VeRCoRS Mock-Up[END_REF] studied material properties of concrete by different NDT methods. They made concrete slabs with a dimension of 0.5×0.25 ×0.12 m. The concrete mix they used matches the same concrete mix as nuclear contaminated concrete. The results illustrated that NDT evaluation presents the effect of defects on the internal stress of RC members. Demcenko et al [START_REF] Demčenko | Ultrasonic measurements of undamaged concrete layer thickness in a deteriorated concrete structure[END_REF] used the ultrasonic method to evaluate undamaged and deterioration concrete members. They prepared nine samples with 30×100 ×2900 mm dimensions and added a chemical to accelerate deterioration.

They concluded that ultrasonic method has good accuracy in finding deterioration at different concrete thicknesses. They noted that the depth of the deterioration location should be equal or smaller than the wavelength of concrete. Perez et al. [START_REF] Bayar | A novel study for the estimation of crack propagation in concrete using machine learning algorithms[END_REF][START_REF] Valero | Automated defect detection and classification in ashlar masonry walls using machine learning[END_REF] used convolutional neural networks (CNN) algorithm to detect defects in buildings. The Hand-Held camera was deployed to record a total of 2622 images. A total of 732 and 1890 images were randomly chosen as training data for the analysis. The presented results showed more than 97% accuracy of predicting the defects from images. Qin et al., [START_REF] Qin | Underground structure defect detection and reconstruction using crosshole GPR and Bayesian waveform inversion[END_REF] evaluated underground concrete structures using GPR and Bayesian waveform inversion. In their work, various numerical methods and algorithms were employed.

The results showed that the accuracy of the analysis is dependent upon the amount of GPR data.

In most NDT study, the GPR is also used to assess the quality of RC structures to detect defects based on various parameters like velocity, conductivity, and frequency [START_REF] Ghodoosi | Method for developing and updating deterioration models for concrete bridge decks using GPR data[END_REF][START_REF] Hugenschmidt | The inspection of retaining walls using GPR[END_REF]. Solla et al., [START_REF] Solla | Assessing Rebar Corrosion through the Combination of Nondestructive GPR and IRT Methodologies[END_REF] employed GPR and IRT (Infrared Technology) to determine the corroded area of concrete and investigate the effect of corroded bars on GPR data.

In this research, the reinforced concrete beams are evaluated using hand-held and robotic nondestructive sensors. The D435 depth camera is used to scan the external defects while the impact echo coupled with GPR are employed to investigate internal deterioration. Also, GPR is deployed to track the crack propagation during loading at different loading intervals

Methodology

In this article, different reinforced concrete (RC) beams are casted. These beams are intentionally prepared to have internal and external defects. The internal defects include void, corroded bars and debonded bars, while the honeycombing is applied for an external defect. The RC beam has a dimension of 8×16×96 inches (width, height, length) and the designed concrete compressive strength are considered to be 4000 Psi. In Figure 1 

Nondestructive Evaluation

There are two steps of nondestructive evaluation (NDE); the first step is subjected to use NDTs and robotic ones to check the quality of the existing RC frame. In fact, the evaluation is done before applying load to the RC frame. So, the D435 Depth Camera and IE are employed to collect the data from outside and inside of RC beams before applying the load. This helps to investigate the effect of different defects on concrete parameters. Moreover, GPR is employed in the first step to visualize the inside defects under unloading conditions. RC beams are scanned by GPR using both hand-held and robotic, in sequent. In the second step, RC beams are tested under MTS Loading Machine. The testing procedures are considered at three levels. The first level is the time of appearing the crack tips which is called 50% of the maximum load. Once the cracks get observed, the applied load is held and robotic GPR is used to scan the side of RC beams. Since then, the loading continues up to 75% and the loading is held to do GPR scan. Eventually, the loading starts and continues to failure of RC beam. In the final step, the GPR is again used to collect the data. On the other hand, the load-displacement diagrams are carried out to find out the effect of different defects on the load capacity of RC beams.

Robotic D435 Camera

It is essential to know the quality of the outer surface of the concrete element. Therefore, the D435 camera is mounted on the robot to record the data of the concrete surface. The distance between D435 camera and concrete surface is the most critical issue. In another word, this distance must be constant during the scanning surface. The D435 camera is designed based on the visualization method. This technique employs RGB (Red, Green, and Blue) color to map the scanned subject.

The maximum capability of capturing images is reported as 10 meters. The Infrared (IR) Projector uses a light pattern and converts it to the range of images. The depth and RGB output resolution are 1280×720 and 1920×1080 with the frame rate up to 90 and 30 fps (frame per second), respectively.

Robotic Impact Echo (IE)

After observing the surface sides of RC beams, the Impact Echo (IE) is used to evaluate the inside of RC beams. This method is based on impact generate sound (stress) waves. The waves propagate through the concrete depths which helps to determine the damaged/undamaged concrete using signal processing parameters. In order to check the accuracy of robotic IE, hand-held IE is also performed. In these tests, both robotic and hand-held IE are located at the same spot of RC beams.

In 

Ground Penetrating Radar (GPR)

GPR testing technique can be used to detect any object inside of RC members, asphalt, masonry, soil, and pipes, etc. The accuracy of GPR is dependent upon the high frequency of the antenna.

The antenna receives electromagnetic waves (EM) which transmitted to the ground and collect the reflected waves. The higher frequency of antenna is the higher resolution of detecting small objects. Before the actual loading test on RC beams, GPR is employed to scan the side of beams.

In this time, hand-held GPR is performed along with robotic GPR. The reason for having both tests before applying load is to compare the accuracy of robotic GPR. Once the data records and results compared, the actual test is started. During the loading procedures, only robotic GPR is employed to collect the data. Figure 4 shows the robotic GPR at different loading level. 

Actual Loading Tests Procedures

The loading procedures are divided into different levels. In fact, the loading level for control specimen (Group: A) is considered two levels while, three-level of loading conditions are applied for defects groups (B, C, and D). The levels of applied load are 50%, 75% and 100% of maximum load. In each loading level, the loading is hold and robotic GRP starts scanning the RC beam's side. It should be noted that the loading rate for control and defect groups are considered 1 and 0.25 inch per minutes.

Results and Discussion

In this section, three NDT results are discussed including D435 Depth Camera, IE, and GPR. Also, the load-displacement diagrams are carried out to compare the effect of defects on load capacity.

In Figure 5, the results of the D435 Camera are shown. The depth camera gives the matrices of data (1080×1920 uint16). MATLAB toolbox is used to plot the 2D and 3D objects. In Figure 5a, the 3D view for one of the beams with the honeycombing surface is shown. As it is noticeable, the vertical axis is the depth of surface-based on micrometer unit. This helps to find out the difference between smooth and roughness surfaces. In Figure 5b, the 2D view of the RC beam presents the value in X, Y, and Z direction. Looking at Z direction (depth of surface) displays that the Z value on a smooth surface is 0 (left side of Figure 5b) and the honeycombing area (right side of Figure 5b) has a depth of roughness from 64 to 192 micrometer. Moreover, the validation of the colormap image with the actual image can be seen in Figure 5b andc Since it is detected that the outer surface of the RC beam has a honeycombing problem, the inspecting inside deterioration is necessary. The Impact Echo (IE) is performed by both hand-held and robotic. This is done to make a comparison of the accuracy of robotic IE with hand-held ones.

In Figure 6, the compressive strengths of concrete for both methods are shown. In the control specimen, the robotic IE has 6575 Psi as compressive strength which is about 2.7% more than the hand-held IE on control specimen (6404 Psi). In the void group comparison, the difference between robotic IE and hand-held ones is less than 14%. The reason for having this amount of different goes back to the pressure which is applied by robot arm and technician is not the same.

In fact, applying enough pressure by robotic IE on the concrete surface is one of the challenging issues of this test. Since, IE equipment may be damaged if too much pressure applies and on the other hand, applying less pressure causes having higher error. Furthermore, comparison of corrosion and debonding specimens show that the difference robotic IE with hand-held ones is about 5.4% and 4.3%. Another important issue in Figure 6 can be declared as the effect of defects on concrete compressive strength. In this case, the robotic IE for different specimens are compared.

Robotic IE on the control sample presents 6675 Psi concrete compressive strength. When it is compared to the void specimen (847 Psi), the void cause about 87% reduction of compressive strength on the area around it. The reduction of concrete compressive strength is also 72% and 73% for corrosion and debonding specimens, respectively.

Figure 6. Comparison of Hand-Held and Robotic Impact Echo

On the other hand, the IE is used to collect data of each RC beam which is shown in Figure 3a.

Based on IE, four parameters including compressive wave velocity and frequency, shear wave velocity and frequency are carried out as input data. The output parameters of IE are considered as young's modulus, shear modulus, and compressive strength. IE tests are performed on five spots (Figure 3a) and the data for third spot (middle one) of these tests are shown in Table .1. Based on the table, each group of beams has a specific range of values (input and output). Thus, the statistical approach can be used to automatic detection of defects. In order to check the relationship between inputs and outputs, the linear regression is used which is done by RStudio software. In Figure. According to the above discussion, it is obvious that RC beams have honeycombing and internal defects. Now, the effect of loading condition on RC beams with artificial defects is considered. To achieve this goal, the RC beam is loaded in at most three procedure levels as 50%, 75%, and 100%.

In Robotic GPR is used to evaluate not only the effect of defects but also, the crack propagation during the loading procedures. However, it is necessary to validate the robotic NDTwith hand-held ones. Moreover, RADAN software is employed to manipulate and visualize the captured images.

In order to have a higher quality of image, various filtering methods including but not limited to noise removal, background removal, finite impulse response (FIR) and velocity analysis are done.

In Figures 10 to 13, the results of hand-held and robotic GPR are shown. In Figure .10, the GPR's outputs for control specimen is displayed. In this figure, the hand-held and robotic GPR are compared at the unloading condition. As it can be been, there is a good agreement invalidating the robotic GPR with hand-held ones. The comparison of scanned GPR at 50% of loading with 0 loading level shows the cracks propagated under the applied load region. The failure crack's pattern is also depicted at 100% loading level which is well-matched with the actual failure. In general, it is clear that the crack propagations during the loading procedures can be monitored using robotic GPR. In Figure . 11, the robotic GPR results for the void specimen is shown. In this figure, the effect of the void defect on crack propagation can be declared by comparing the robotic GPR before actual loading (0/Robotic) and 50% robotic GPR. During this period which is between 0-11.5 Kips (see Figure. 

Conclusion

In this research, the Sawyer Robot is employed to carry D435 RealSense Depth Camera, Impact Echo, and GPR. Based on NDT tests, the following results are concluded;

• D435 depth camera can capture the honeycombing surface and determine the depth of roughness.

• The robotic Impact Echo and Hand-held ones have very good agreement with great accuracy.

• The amount of applied force is an effective factor for recording the data in impact echo tests.

• The Internal voids cause about 87% compressive strength reduction.

• The validation results of robotic GPR and hand-held ones show a good agreement of using robotic NDT in testing existing RC structures.

• Using Robotic GPR can assist the maintenance engineer to obtain an in-situ accurate data necessary for the serviceability conditions of the members.
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 33 Figure 3. a) Impact Echo Test's Locations on RC Beam, and b) Robotic IE
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 5 figures illustrates the high accuracy of capturing data points. It should be noted that D435 camera records the pixels from right to left but, it shows from left to right. That is the reason for depicting the honeycombing area on the right side at Figure 5b and left side at Figure 5c.

  Figure.7 by correlation coefficient as 0.979, 0.98 and 0.99 for compressive wave velocitycompressive strength (a), compressive wave frequency-compressive strength (b) and compressive wave frequency-compressive wave velocity (c).
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 78 Figure 7. Linear Regression of Impact Echo; (a) Compressive Wave Velocity-Compressive Strength, (b) Compressive Wave Frequency-Compressive Strength, (c) Compressive Wave Velocity-Compressive Wave Velocity Frequency
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 9 the load-displacement diagrams of RC beams are shown. The comparison of S1 (control) with the other three beams presents that the control RC beam has a higher load capacity of about 29.85 Kips. In this regard, the maximum load capacities of a void (B1), corrosion (C1) and debonding (D1) are 25.04, 27.83 and 23.72 Kips, in order. The load capacity reduction of defect samples compared with the control specimen is about 16%, 7% and 20% for B1, C1, and D1, respectively.
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 10111213 Figure 10. GPR Scan's Result Comparison at Different Loading Level -Control (A1)

  

Table 1 . Impact Echo Parameters for Third Spot's Test

 1 

	ID	Compressive Velocity (ft/s)	Shear Velocity (ft/s)	Compressive Frequency (Hz)	Shear Frequency (Hz)	Young's Modulus (Ksi)	Shear Modulus (Ksi)	Compressive Strength (Psi)
	A1-3	12444	7283	4667	2758	5023	1720	6865
	A2-3	12602	7854	4725	2975	5148	2001	7211
	A3-3	11601	7392	4350	2800	4364	1773	5182
	B1-3	6932	4245	2600	1608	1559	585	661
	B2-3	8711	5016	3267	1900	2461	816	1648
	B3-3	7667	4885	2875	1850	1906	774	988
	C1-3	9646	6138	3617	2325	3017	1222	2477
	C2-3	9823	6053	3683	2292	3128	1188	2662
	C3-3	9780	6092	3667	2308	3101	1204	2616
	D1-3	8468	5413	3175	2050	2325	950	1471
	D2-3	8510	5413	3192	2050	2350	950	1503
	D3-3	10065	6073	3775	2300	3286	1196	2938
		(a)			(b)			(c)