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ABSTRACT: Acoustic Emission (AE) is considered one of the popular non-destructive testing techniques (NDT) that has been widely used to identify the location of damage in different systems. In this paper, improved crack localization method based on a combination of empirical mode decomposition (EMD) and the difference between the time of arrivals (TOAs) model using AE sensors without considering AE parameters. First, EMD is used to eliminate the presence of noise in the recorded AE waveforms and extract the key AE components, followed by determining the difference between the TOA of AE components to localize the crack in concrete elements. Experimental studies are undertaken to validate the performance of the proposed method using concrete beams. Finally, the results of the proposed method are compared with the traditional method that uses raw AE waveforms. The results obtained from the proposed method show high accuracy for identifying the location of a crack in a concrete beam over the traditional method, which makes it a robust cracks localization tool. 
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Introduction
Many structural elements suffer from internal damage due to unexpected conditions such as overloading, fatigue, and corrosion. Structural health monitoring (SHM) is an essential tool that can assess the service life and ensure the safety of these structural elements to avoid any catastrophic failure (Kralovec and Schagerl 2020). SHM applies different sensing approaches to monitor various systems, identify any abnormal behavior and provide the infrastructure owners opportunities for timely maintenance (Singh and Sadhu 2020). Lately, Acoustic Emission (AE) has been considered one of the proper non-destructive testing techniques (NDTs) that can be applied to detect and localize the crack in structural elements. AE can be defined as a transient elastic wave generated due to rapid material deformation resulting from the initiation and propagation of a micro-crack (Sarfarazi 1992). AE parameters such as counts, duration, energy, signal strength, amplitude, and rise time can be evaluated to predict the abnormal behavior of the monitored element. These parameters are sensitive to environmental conditions and background noise in the measured data, which may lead to misleading information about the existing condition of the monitored element. In this study, an improved crack localization method based on AE sensing is proposed using EMD and the time of arrival (TOA) model.
AE-based crack detection and localization techniques have been used in different concrete elements (Aggelis et al. 2010, Benavent-Climent et al. 2011, Worley et al. 2019, Quy and Kim (2021). Al-Jumaili et al. 2016 proposed an AE-based method using the delta T mapping technique to identify the location of AE sources in composite elements. The results showed the high efficiency and performance of the proposed method over the other techniques as a damage localization tool. He et al. (2018) developed a new technique based on AE data to detect and localize AE sources in plate elements. The results obtained from an experimental test on steel plate showed that the developed technique was able to localize multiple AE sources. In another study, Lin et al. (2020) employed the AE technique to detect and identify the location of  AE events in prefabricated utility tunnels during the sealing test. Mirgal and Banerjee (2020) applied an online monitoring technique for localizing damage-induced acoustic emission sources in concrete elements. AE data was collected from concrete slab utilized to detect and localize the AE sources resulting from Pencil lead break calibration tests. The results proved the capability of the applied technique as a damage localization technique.
Barbosh et al. (2021) proposed a new damage localization method based on AE data collected from structural elements. The proposed method combined EMD and Shannon Entropy in AE waveforms to detect and identify the approximate location of minor damage. The performance of the proposed method was validated using AE data collected from experimental and full-scale studies. In another study, Cheng et al. (2021) proposed an AE-based technique using artificial neural networks to detect and identify the location of AE sources in an I-shaped steel girder. The numerical and experimental results obtained from the proposed technique showed higher accuracy for AE source localization than the traditional TOA method. Ebrahimkhanlou et al. (2019) proposed a deep learning-based approach to localize and characterize AE sources in metal plates. The results obtained from the experimental test showed the high accuracy of the proposed method to localize the zonal coordinate-based AE source localization. However, most previous studies have used either the raw AE waveforms, traditional AE parameters, or feature extraction method to localize the damage, which can be time-consuming due to the enormous data and may provide inaccurate localization due to the effect of noise in the measured AE data. The process of localization involves inverting for the best-fit source location and origin time that minimizes the difference between the observed and predicted TOAs given a reasonable velocity model. Fig. 1 represents the process of localizing the micro-crack, where each sensor detects the AE waveform at TOAi. In this study, The EMD-based time-frequency method is applied to eliminate the noise and extract the key AE components (IMFs) that belong to the crack. Then, the difference between the time of arrivals (TOAs) of extracted IMFs of instrumented sensors is determined to localize the AE events due to crack initiation and propagation. It is found that the IMF-based TOA method results in improved accuracy of the crack location as [image: ]compared to raw data.


Figure 1: Schematic of crack event location reflection. Sensor locations are indicated in black, the event location in red, the travel path in green, and the related time of arrivals TOAi.
Proposed AE-based Crack Localization Method
[bookmark: _Hlk99372030][image: ]The proposed method combines the EMD method and TOAs model to identify the location of AE events in concrete material due to crack. EMD is a time-frequency technique that can decompose nonlinear and non-stationary signals into a group of mono-component signals known as intrinsic mode functions (IMFs). Each mono-component signal must meet two criteria to be considered as IMF (Huang et al. 2002): (i) the number of extremums and the number of zero-crossings should be the same or differ at most by one in the entire data set, and (ii) the mean of the envelope defined by local maxima and minima is zero at any point. More details, such as the systematic steps of EMD and its performance can be found elsewhere (Barbosh et al. 2020). Suppose x (t) is the AE waveform to be decomposed by EMD, following the systematic steps of EMD in (Barbosh et al. 2020) the AE waveform can be expressed as shown in Eq. 1:

                                           (1)

Where (j =1, 2, ……, ) represents the IMFs of the recorded AE waveform  and  is a residue of . Once the IMFs of raw AE waveforms are extracted, the location of the crack can be predicted by determining the difference between TOAs of these IMFs using an optimized velocity model developed by Li et al. 2019. The location of AE events due to crack initiation and propagation is identified using the minimization of residuals that can be expressed mathematically as searching for the position in space that minimizes a residual function, as shown in Eq. 2 (Shearer. 2009):

                           (2)

[bookmark: _Hlk99148774]Where TOAji is the time of arrival of j-th (j = 1, 2,….., n) IMF of sensor i, m is the number of sensors, xa and ya are the assumed coordinates of the source, xi and yi are the coordinates of the sensor, and v is the wave velocity. The assumed coordinate (xa and ya) that provides the lowest residual  is considered the best fit for the crack location. 
Experimental Study
In this section, the performance of the proposed method as a crack localization tool is validated using AE data collected from concrete beams.
The test setup and AE system
In this study, two concrete beams (B1 and B2) are poured where the concrete mixture contains Portland cement, fine aggregate, and coarse aggregate. The size of both beams is 355 mm in length and 78 mm in width and thickness. Each beam is subject to a three-point flexural loading test using a MTS loading machine to generate indirect tensile cracks. Four AE sensors (S1, S2, S3, and S4) are placed on the beam to monitor and collect the AE waveforms during the test, as shown in Fig. 2 (a). The crack location and propagation are monitored visually, where it is observed that the crack initiates at almost the center bottom of the beam and then propagates to the top. A Micro-SHM acquisition system containing four input channels is used to collect the AE data from the concrete beams, as shown in Fig. 2 (b). The Micro-SHM is connected to four sensors placed on the beam from one end and connected to the computer from the other end to transfer the measured AE data from sensors. AEwin software is used to monitor AE activities during the test and collect the AE waveforms from the concrete beams. The AE system is set to 5 Msamples/s sampling rate that can capture the high-frequency AE waveforms that belongs to the micro-cracks in concrete material. A 40 dB threshold is used, where the system recorded waveforms upon registering any amplitude higher than 40 dB. The file lengths are set to 5k samples in order to minimize downtime between acquisition files during periods of high AE activity (Li et al. 2015).

Figure 2: (a) Experimental setup and (b) AE monitoring system.
Results
The EMD method is applied to the measured waveforms to extract the mono-component signals (e.g., IMFs). Fig. 3 shows the time-history response of the first two IMFs of typical AE waveform obtained from EMD using S1 and S3 (first column) and S2 and S4 (second column) placed on B1. It can be observed that the time-history of IMF-1 and IMF-2 obtained from S1 and S3 has a similar amplitude value, as shown in Fig. 3 (a and c). Moreover, the same observation can be seen for the time-history of IMF-1 and IMF-2 obtained from S2 and S4, as shown in Fig. 3 (b & d). Therefore, using the amplitude of the time-history of IMFs to indicate the location of the crack might provide misleading information about the crack location, which motivates us to apply the proposed method to localize the crack in concrete beams.
[image: ]

Figure 3: Time history of the first two IMFs extracted from EMD using sensors S1, S2, S3, and S4 placed on B1.

The location of AE events due to the crack in B1 is predicted using a constant velocity model of 4630 m/s. Fig. 4 (a) shows the location of the actual crack on beam B1 at the end of the test, where it can be seen that the crack is located at the center of the beam, which is 180 mm from the edge. Fig. 4 (b) represents the location of AE events due to the crack initiation and propagation extracted from the proposed method where the difference of TOA of IMFs obtained from EMD are considered. It can be observed that the location of AE events matches with the visually observed crack path, where the AE events spread from the center bottom to the top of the beam. Fig. 4 (c) represents the location of AE events due to the crack initiation and propagation extracted using the difference between TOAs of measured AE waveforms. It can be noted that the location of AE events is not matching the crack path observed visually. Therefore, the results show that the proposed method can identify the location of the crack with high accuracy than using the raw AE data.
[bookmark: _Hlk99388488]Fig. 4 (d) displays the box plot of crack location for the proposed method and raw AE data. It can be observed that the crack is localized using the proposed method with less variance in the X direction compared with the one from the traditional method that utilizes TOAs of raw AE data. Also, the median value of the proposed method indicates the location of the crack with less error compared to the median value of raw data. In order to ensure the consistency of the results, the same experiment is undertaken on beam B2, where the location of the crack is identified using the proposed method and the traditional method. Fig. 5 (a) shows the location of the actual crack after B2 is damaged, where it is visually noticed that the crack initiates in the bottom center of the beam at a distance of 170 mm from the edge and then propagates to the top during the test. Fig. 5 (b) represents the box plot of crack location for the proposed method and traditional method, where it can be observed that the crack is localized using the proposed method with less variance in the X direction compared with the one from the traditional method that utilizes TOAs of raw AE data. Therefore, the same trend for crack localization in both B1 and B2 has occurred. Based on the consistent results obtained from B1 and B2, it can be concluded that the proposed method has the capability to localize the crack in concrete elements with high accuracy compared with the traditional method considering the raw AE data. Thus, the proposed method can be a suitable candidate as a crack localization tool for structural elements.
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Figure 4: (a) Location of actual crack, location of AE events extracted using (b) the proposed method, (c) raw AE waveforms, and (d) box plot of crack location obtained from the proposed method and raw AE data for beam B1.







Figure 5: (a) Location of the actual crack and (b) box plot of the location of crack extracted using the proposed method and raw AE data for beam B2.

Conclusion
In this paper, an improved AE technique has been developed to monitor and evaluate the health condition of various structural elements. In this study, the EMD method combined with a model based on TOAs has been proposed to localize the crack in concrete beams using recorded AE waveforms. The proposed method shows improved performance and accuracy in localizing the crack in concrete beams. An experimental study is undertaken using two concrete beams to show the performance of the proposed method as a crack localization tool. The results suggest that the proposed method can identify the location of the crack using AE data collected from concrete elements. The performance of the proposed method is compared with the traditional method, where the proposed method shows high efficiency and accuracy, making it a suitable candidate as a damage localization approach in civil structures.
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