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Abstract

:

Aging infrastructure is a threatening issue throughout the world. Long exposure to oxygen and moisture causes premature corrosion of reinforced concrete structures leading to the collapse of the structures. As a consequence, real-time monitoring of civil structures for rust becomes critical in avoiding mishaps. Muon scattering tomography is a non-destructive, non-invasive technique which has shown impressive results in 3D imaging of civil structures. This paper explores the application of advanced machine learning techniques in identifying a rusted reinforced concrete rebar using muon scattering tomography. To achieve this, we have simulated the performance of an imaging prototype setup, designed to carry out muon scattering tomography, to precisely measure the rust percentage in a rusted rebar. We have produced a 2D image based on the projected 3D scattering vertices of the muons and used the scattering vertex density and average deviation angle per pixel as the distinguishing parameter for the analysis. A filtering algorithm, namely the Pattern Recognition Method, has been employed to eliminate background noise. Since this problem boils down to whether or not the material being analyzed is rust, i.e., a classification problem, we have adopted the well-known machine learning algorithm Support Vector Machine to identify rust in the rusted reinforced cement concrete structure. It was observed that the trained model could easily identify 30% of rust in the structure with a nominal exposure of 30 days within a small error range of 7.3%.
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1. Introduction


Reinforced Cement Concrete (RCC) structures have been the backbone of civil engineering for several decades. Reinforced concrete is an important building material in large-scale infrastructure: roads, bridges, tunnels, and buildings. Conventional concrete, despite having high compressive strength, lacks tensile strength which makes concrete brittle in face of shear and tension forces [1,2]. In the light of making concrete structures resistant to brittle and ductile mode failure, steel is added to the plain concrete. Steel due to its versatile properties can withstand these forces and, thus, is a perfect reinforcement for concrete [3]. It is however liable to damage due to corrosion, carbonation and chloride ingress. In order to avoid structural collapse, non-destructive testing methods are necessary to assess the quality of RCC structures. Additionally, knowledge of the type of defect and its precise location also improves the chances of averting the calamity. There are multiple Non-Destructive Evaluation (NDE) techniques that are typically used for imaging. These are ultrasonic tomography [4], infrared tomography [5,6], Ground Penetrating Radar (GPR) [7], impact-echo [8]. These methods, however, have some limitations, which include the need for a high amount of heat for imaging non-conducting materials (active thermography), interference from environmental parameters, such as sunlight intensity (passive thermography), shadows of other bodies, wind, etc. Alternatively, radiological imaging methods (radiography) using X-rays and gamma-rays are very effective, but are not preferred due to their potential for biological hazards. Cosmic ray muon tomography is thus gaining traction for the imaging and monitoring of RCC structures.



Since the beginning of 1950s, cosmic ray muons have found applications in tomographic studies of large civil structures owing to their highly penetrative and less-interactive nature [9,10,11,12,13]. Other than imaging structures based on the differential flux of absorbed and penetrated muons, multiple scattering suffered by the muons while passing through matter due to their interaction with atomic nuclei, has also been exploited to scan targets, the underlying physics of which is formulated based on their atomic number, weight, and density [14,15,16]. This innovative NDE technique has found applications in scanning nuclear-waste containers, possibly-smuggled special nuclear materials in cargo containers, monitoring gate valve conditions, pipe wall thickness [17,18,19,20], etc. In addition to these, monitoring and imaging defects in large concrete structures have also emerged to be a substantial utilization of muon imaging [14,16,21].



This article showcases MST [22] as an NDE technique to image RCC structure and puts forward a recipe to discriminate rusted portions of steel rebars using the Geant4 simulation toolkit [23]. Subsequently, a classification-based Machine Learning (ML) algorithm has been employed to enhance image reconstruction and improve rust identification among targets involving similar material densities (steel (7.87 g/cc), rust (5.25 g/cc), and concrete (2.3 g/cc)). For training and validation, the ML model has been applied to a scenario with four blocks of materials: aluminium (Z = 13), iron (Z = 26), lead (Z = 82), and uranium (Z = 92) to address different ranges of atomic number and density. The scattering positions and corresponding angles of the muons as they pass through the blocks have been obtained from reconstruction of muon tracks from the muon hits as recorded by the muon trackers in the MST setup. This work has been accomplished by the Geant4 simulation. Based on these parameters, radiographic image production has been carried out. Next, by employing a Pattern Recognition Method (PRM) [24], the materials in focus have been separated from the background (air). The ML technique, mentioned above is a Support Vector Machine (SVM) [25] classifier which has been used to detect rust on a rebar in a RCC unit.



The working principle of MST has been detailed in Section 2 and the simulation model of the system has been described in Section 3. Discussion on image reconstruction of the target can be found in Section 4, followed by its analysis in Section 5. Finally, training the ML model on four blocks: Al, Fe, Pb, and U, and its implementation to segregate rust from the steel rebar have been reported in Section 6 along with its detailed analysis.




2. Principle of MST


Cosmic muons are high-energy (mean ≈ 4 GeV/c) particles with a relatively long lifetime (2.2 µs) and ±e charge. They are produced naturally in the atmosphere and have a flux rate of about 1 per cm2/min at the sea level. Due to their greater mass (105.66 MeV/c2) [26], they can penetrate through large amount of materials without suffering any significant loss of energy. In addition to inelastic collisions with atomic electrons, muons passing through matter also suffer repeated elastic coulomb scattering from atomic nuclei. These collisions are individually governed by Rutherford’s formula. The vast majority of these collisions result in a small angular deflection of the particle. The cumulative effect of these small angle scatterings compounds to a net deflection of the muon from its original trajectory. According to Moliere theory [27], the scattering angles projected on a plane obey the Gaussian distribution [22,28] and the standard deviation  σ  of the distribution is given by:


  σ =   13.6 [ MeV ]   β  c  p     L /  X 0      1 + 0.038 ln  ( L /  X 0  )   ,  



(1)




where p is the momentum of the muon, L is the distance traversed by it in the object, and  β  is the ratio of its velocity to the velocity of light. The radiation length,   X 0   [cm], is a property of the object material which is given by:


   X 0  =   A  ·  716.4  [   g / cm  2  ]   ρ  ·  Z  ( Z + 1 )   ln  287 /  Z     ,  



(2)




where A, Z, and  ρ  are the atomic weight, number, and density of the material, respectively. Since the speed of muons is very close to the speed of light, the value of  β  can be approximated to 1. The value of   0.038 ln  L /  X 0     in Equation (1) is usually far less than 1. Thus, Equation (1) can be simplified to:


  σ =   13.6  p    L  X 0     



(3)







In MST, the deviation angle plays a key role in differentiating materials as it relies on the atomic number, mass number, density, thickness of the material, and momentum of muons.




3. Geant4 Simulation Setup for MST


The concerned MST setup consists of six layers of position-sensitive gaseous ionization detectors that have been stacked parallelly, three each on either sides of the Region of Interest (RoI) subject to imaging with dimensions 80 cm × 80 cm × 40 cm. Four cubes of Al, Fe, Pb, and U with dimensions 10 cm × 10 cm × 10 cm have been placed in the central plane of the RoI. The gaseous detectors used in the setup have dimensions 140 cm × 140 cm × 0.2 cm. Detectors with larger active areas have been chosen to maintain uniform muon hits across the lateral span of the RoI. The design parameters of the MST setup have followed from a preceding uniformity study that was carried out in [24]. The detectors have been assumed to have a 100% detection efficiency and a spatial resolution of 200 µm, which has been added as a Gaussian uncertainty to the muon hits obtained from the simulation. Figure 1 shows the schematic representation of the model setup that has been subject to a muon flux to simulate the multiple Coulomb scattering of muons in the RoI. The Cosmic-Ray Shower Library (CRY) [29] has been used to produce muon flux for the latitude (22.57°) and altitude (sea-level) of the experimental laboratory. The FTFP_BERT physics list has been implemented to account for all the electromagnetic processes, weak interactions of charged particles and gamma radiations.




4. Track Reconstruction and Image Production


The incoming and outgoing muon hits on the detectors have been used for track reconstruction. The projection of the track on two orthogonal planes XZ and YZ have been used for determining two sets of least square fitting parameters for X and Y coordinates. Since some of the hits produce statistical noise due to the applied resolution of the detector, several selection criteria have been implemented to choose only the relevant scatter points to reconstruct the tracks:




	
The muon track must pass through all the detectors.



	
The scattering location must fall inside the RoI.



	
Angle between the track-lets constructed from any two pair of detectors in the upper/lower set, must not exceed 10 mrad.








4.1. Point of Closest Approach (PoCA) and Estimation of Angle of Deviation


The scattering events for which muon tracks satisfy the selection criteria, have been marked valid. To determine the probable 3D location of scattering vertex, the PoCA algorithm has been used. It is a well-established geometrical algorithm devised by L. Schultz et al. [17] which assumes that the scattering occurs due to a single scattering event in space at a single point. The scattering point obtains its coordinates by extrapolating the incident and scattered muon tracks by minimising the distance between the two tracks. A schematic of the algorithm is shown in Figure 2.



Using PoCA, we have obtained the scattering vertex and estimated the deviation angle for each muon event from the tracks. The events with deviation angle less than 10 mrad have not been considered in the analysis.




4.2. 2D Image Production


The scattering vertices obtained have been projected on the XY plane to obtain the 2D image or scattering map (S-map) of the target objects. In the case of 2D imaging, it is difficult to distinguish objects with different heights as the information along Z-direction is lost [24]. To address this, in the present work all the test objects have been considered to be of same dimension in all the directions. Thus, for the sake of simplicity we have projected the vertices on only the XY plane. The projected plane has been segmented into   80 × 80   pixels, each having an area of 1 × 1 cm   2  . The area of the pixels has been decided based on computation time, required accuracy in shape identification, and amount of data available. The S-map by projecting the scattering vertices in each pixel has been shown in the Figure 3. Important parameters, namely, scattering vertex density ( ρ c) and average deviation angle ( θ avg), have been calculated for each pixel for further analysis.





5. Analysis


This section discusses the background noise reduction achieved using PRM and material identification by implementing a SVM classifier.



5.1. Noise Reduction by Pattern Recognition Method


The reduction in background noise from the image plays an important role in identifying the positions of different blocks. Apart from track selection criteria, background noise has been further minimized using PRM [24]. It is a filtering algorithm wherein a specific pattern of a reference image is used to design a filter “K” called kernel. This K is then used to scan the test image to look for similar properties. It performs like a high-pass filter that allows the range of values lying above a certain threshold due to prior training. We have used PRM to eliminate the noisy events in the 2D S-map shown in Figure 3. The  ρ c obtained for the Al block has been used as the threshold to train the kernel. Since it increases with Z of the material,  ρ c for Al has been kept as the lowest threshold to minimise the noise in the 2D image. Figure 4 illustrates the result of applying the PRM to the image obtained in Section 4.2.




5.2. Machine Learning for Material Identification


The ML technique used in this project is mainly confined to supervised learning, wherein the computer model based on SVM is trained with manually labelled data. Once trained, it is then used to classify the data according to the trained labels. SVM is a supervised learning method with associated learning algorithms that analyse data for classification. It is one of the most robust classification methods, and is well-known for its simple implementation and fast computation [25]. What sets SVM apart from other classification algorithms, such as Naive Bayes, decision tree, and logistic regression is that it draws a hyperplane instead of a hard-margin to segregate two classes, as shown in Figure 5. It optimizes the decision boundary by finding closest points to the margins and maximizing their distance from the line. This contributes to the generalization of the model and makes it robust to a wide range of outliers in different sample spaces used for analysis. To deal with non-linear data points, as in case of distinction between Pb and U, SVM makes use of the kernel in which the data points are mapped into high-dimensional feature space, thus converting it into a linear classification model. We have employed the polynomial kernel to distinguish between the two materials.




5.3. Training the SVM Classifier


The SVM classifier has been trained on around 100 datasets each corresponding to 24 h of muon exposure. The parameters  ρ c and  θ avg, derived from each pixel of the respective region of blocks, have been passed to the One-Vs-One classifier [30], labeling them as Al: 1, Fe: 2, Pb: 3, and U: 4. The dataset has been split into training and testing sets of 75% and 25%, respectively. During training and testing,  ρ c has been scaled per minute in order to bring all the points corresponding to different exposure rates, i.e., 1, 5, and 24 h in the same range for better visual comparison. The plots of  ρ c versus  θ avg for each material (Al, Fe, Pb, and U) are illustrated in Figure 6 for different exposure rates. It has been observed that in case of high-Z materials Pb and U, classification becomes difficult and there is a significant overlapping of  ρ c for these two materials. However,  θ avg for U is still higher than Pb. Therefore, training the classifier using both the parameters brings out a better distinction and can be used for material identification as well. To quantify the performance of the trained SVM classifier, we have calculated the binary misclassification rate (Rm) for each of the materials. It has been observed that for longer exposure hours, i.e., 5 and 24 h, the model has been easily able to classify between low and mid-Z materials. The value of Rm for each combination of material has been given in Table 1.





6. Inspection of the Rusted Rebar


The ML model with  ρ c and  θ avg as the training parameters has been further applied to analyse the defects in civil structure. We have chosen a typical defect commonly found in concrete structures, i.e., rusting of the steel bar in the RCC structures [14,16,21].



6.1. Simulation Setup


A concrete block with rusted steel rebar embedded at its centre has been modeled in Geant4. The rebar is placed in the middle of the RoI with its central axis lying along the X-axis. Fe   2  O   3   composition has been used as rust with density 5.25 gm/cc, while steel and concrete have been simulated with density 7.87 gm/cc and 2.3 gm/cc, respectively. Figure 7 shows the inspection setup for RCC with multiple corroded regions. Two variations of rust percentage (15% and 30% of the cross section of the rebar) have been used for the current work (see Table 2 for more details). In the simulation geometry, the pair of detector layers has been placed at a distance of 50 cm while individual detectors have been separated by 7 cm. To ensure hit uniformity, the XY dimension of the detectors has been chosen as 60 cm × 60 cm and a spatial resolution of 200 µm has been assumed.




6.2. Analysis


Following the methods discussed in the above sections, the defective rebar has been analysed for quality assessment. The ROI has been divided into 160 × 80 pixels of area 2.5 mm × 2.5 mm. For each pixel, scattering vertex and deviation angle have been calculated for constructing projected S-maps. Next, PRM is applied to remove the background noise. The noise minimised images for different cases (perfect, 15% and 30% rust) have been shown in Figure 8. We used SVM classifier to inspect the rebar health with respect to a perfect (without rust) target. The classifier has been trained using two parameters, i.e., scattering vertex density ( ρ c) and average deviation angle ( θ avg) extracted from the perfect rebar. The trained model is further used to test the different test cases (perfect, 15% and 30% rusted region) for three different muon exposure. The rebar pixels which were identified as concrete and vice versa are calculated as the Misclassification Rate (Rm). From Figure 8, we can assume that the rusted portion of the rebar will be identified as concrete. Hence, Rm for perfect rebar is considered as the training error and for other cases, it signifies as the measure of rust present in the defective rebar. Therefore, a 7.3% Rm for the 30% rust test case indicates that amount of rust present in this case is greater than the perfect and 15% rusted test case wherein Rm corresponds to 1.1% and 1.4%, respectively. The Rm values for different exposure have been shown in Table 3.





7. Conclusions


MST as an NDE to image rusted rebars has been investigated based on a numerical simulation. This article also emphasizes the use of a pattern recognition technique for high-quality discrimination of the concrete structure from the background for a lesser cosmic muon exposure. Furthermore, the produced radiographs have been analyzed using an SVM classifier not only for better defect recognition but also to estimate the degradation status. The classifier has been trained and validated using a simple configuration of blocks of pure materials before being used for the identification of contrast in a complex structure, namely RCC. The images obtained for defective cases have been compared to the perfect case and the efficacy of identification has been expressed in terms of misclassification rate (Rm). The present MST system has been found to be able to discriminate between low-Z and mid-Z materials, with 100% accuracy for a nominal exposure (24 h). In the same manner, for rebars with 15% and 30% thickness rusted, the (Rm) has been found to be increasing for a higher percentage of rust with the increased exposure. On the whole, the authors conclude that using the SVM classification model on MST data with nominal exposure (30 days) can be used to identify critical defects in civil structures. In spite of the natural smearing of muons, low radiation rate, and vast momentum distribution, muography can be a potential NDE candidate for monitoring degrading concrete infrastructure. Moreover, environmental parameters, detector efficiencies, resolutions, and setup orientation are several criteria that can impact the imaging. Although, unlike other imaging techniques, muography requires a longer duration of exposure, it has several suitabilities, such as availability of source at no cost, high penetration power, and non-hazardous nature.
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Figure 1. XZ projection (left) and XY projection (right) of simulation setup. 
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Figure 2. The incident muon hits have been marked by blue circles, and the incident track by solid blue line. The dotted blue line represents the extended incoming muon track vector. The muon hits on the lower set of detectors have been marked using red circles and the outgoing track using a solid red line. The extended outgoing track vector is marked using dotted red line. The PoCA reconstructed point has been marked using a black circle. 
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Figure 3. The figure showing the XY projection of scattering vertices (S-map) demonstrates the image analysis technique. Each pixel is attributed the analysis parameter: scattering vertex density ( ρ c). The magnified section of the S-map displays the parameter ( ρ c) of the highlighted pixel. 






Figure 3. The figure showing the XY projection of scattering vertices (S-map) demonstrates the image analysis technique. Each pixel is attributed the analysis parameter: scattering vertex density ( ρ c). The magnified section of the S-map displays the parameter ( ρ c) of the highlighted pixel.



[image: Instruments 06 00077 g003]







[image: Instruments 06 00077 g004 550] 





Figure 4. S-maps of scattering vertices after applying PRM. 
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Figure 5. Working principle of an SVM classifier algorithm. The two classes are represented by green triangles and red squares. A decision boundary separating the two classes is defined and optimized by maximizing the distance between extreme vector points. 
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Figure 6.  ρ c (per minute) vs.  θ avg (degree) plot for 1 h, 5 h, and 24 h data. 
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Figure 7. Simulation setup for a rusted rebar. The rusted region (orange) of the steel rebar (brown) is enclosed within the concrete block (yellow). 
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Figure 8. Scattering vertices density ( ρ c) plots for (a) Whole rod without rust, (b) 15% rust, and (c) 30% rust. PRM has been used to eliminate the noisy background. The concrete mixture has been clearly distinguished from the steel rod in all three images. The rusted part has been shown to be distinguished from steel rod in (b,c). The increasing defects involving the rusted parts are reflected in the reconstructed images too. 
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Table 1. Misclassification rate (Rm) for different combination of material blocks.
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	Exposure Time (h)
	Al-Fe
	Fe-Pb
	Pb-U





	1
	4.5
	7.3
	25.7



	5
	0.0
	0.3
	1.9



	24
	0.0
	0.0
	0.5
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Table 2. Specifications of the rusted rebar for different cases.
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	Rust Type
	Rebar Diameter (mm)
	Rust Thickness (mm)





	Without rust
	30.0
	0.0



	15% rust
	25.5
	2.25



	30% rust
	21.0
	4.5
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Table 3. Misclassification rate (Rm) for different percentage of rust.






Table 3. Misclassification rate (Rm) for different percentage of rust.





	Exposure Time (Days)
	Without Rust
	15% Rust
	30% Rust





	3
	22.3
	23.0
	27.8



	15
	4.5
	10.9
	14.7



	30
	1.1
	1.4
	7.3
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