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Abstract

:

The experimental setup is devised to simulate the presence of vertical cracks with varying widths within concrete structures. Co-polarimetric ground-penetrating radar (GPR) surveys are carried out to acquire the “VV” and “HH” polarization data. The time-varying centroid frequency attribute is employed to describe the vertical variation in the center frequency of the radar wave, unveiling a gradual vertical decay in the centroid frequency at the locations of vertical cracks. An improved time-varying centroid frequency attribute based on the adaptive sparse S-transform (ASST) is proposed and tested by a finite-difference time-domain model and co-polarimetric GPR data, which can offer better resolution compared to that of the conventional S-transform. By analyzing the waveform and centroid frequency properties of the two polarizations, we conclude that the “VV” polarization is relatively sensitive to centimeter scale cracks, while the “HH” polarization is more sensitive to millimeter scale cracks.
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1. Introduction


Ground-penetrating radar (GPR) is a vital technique in near-surface geophysics, used for identifying subsurface targets and conducting field surveys [1,2] through the transmission and reception of high-frequency electromagnetic waves [3]. In recent years, GPR has been widely applied in civil engineering, including evaluating concrete curing effects [4,5], assessing moisture content of building materials [6], conducting diagnostic testing of specific building structures [7,8,9] and detecting damage in heritage buildings [10,11]. Among these applications, the presence and development of cracks or voids can occur in various environments, such as buildings [12] and road and pavement [13,14,15,16], and become significant concerns in civil engineering. The digital image correlation (DIC) technique [17] can be utilized to identify surface cracks, while drill core sampling is employed for analyzing internal cracks within structures. Accurate extraction and analysis of internal cracks are often necessary for research purposes. Although core drilling sampling technology is more established, it has evident drawbacks in terms of destructiveness and irreversibility. In such cases, utilizing non-destructive testing methods like GPR would be a more prudent choice.



The resolution and detection depth of GPR are closely tied to the center frequency of the selected transmitting antenna. Mainstream GPR radar products typically operate within a frequency range from 10 MHz to 3 GHz, corresponding to electromagnetic field wavelengths ranging from approximately 0.3 m to 10 m in general low-loss media (calculated with a velocity of 10 cm/ns). In GPR B-scan profiles, large target bodies such as metal pipes and road voids can be clearly identified through waveform patterns or events, including hyperbolic reflections and multiples. However, the sensitivity of waveform responses to smaller targets is significantly lower, posing challenges in detecting target bodies or abnormalities smaller than one wavelength in size.



A fundamental approach for detecting minor abnormalities involves examining not only waveforms but also the corresponding time–frequency characteristics and their size-dependent alterations [18,19]. Traditional time–frequency transforms, such as short-time Fourier transform (STFT), wavelet transform and S-transform [20,21,22,23], are commonly employed for this purpose. Recently, sparse time–frequency analysis has gained prominence as a highly efficient method. In comparison to the conventional S-transform, the adaptive sparse S-transform (ASST) [24] offers superior resolution for non-stationary signal analysis due to its adaptive window function. In this work, the GPR data acquired above cracks are processed using the ASST instead of the classic S-transform to derive a 2D energy distribution for each A-scan in the time–frequency plane. However, analyzing the time–frequency spectrum A-scan by A-scan may not be intuitive. Therefore, we further compact the derived ASST-based time–frequency spectrum and extract the corresponding time-varying centroid frequency (CF) attribute [23,25] for each A-scan to obtain the centroid frequency profile, allowing for tracking changes in dominant frequency with spreading time in B-scan and benefiting the final crack interpretation.



In addition, commercial GPR devices such as the GSSI SIR series and MALÅ HDR series commonly employ single-polarization systems consisting of two shielded bow-tie antennas arranged in parallel. The transmitting antenna emits wide-band and linearly polarized electromagnetic waves, while the receiving antenna captures the response from subsurface target objects. This polarization mode is usually referred to as “VV”, where “V” represents vertical linear polarization in the X-Y plane. However, subsurface targets have the ability to modify the polarization of the scattered wave, resulting in a different polarization compared to that of the incident wave. Therefore, relying solely on single-polarization profiles may not provide sufficient accuracy and comprehensiveness for the analysis of underground targets. Therefore, it is essential to consider the impact of polarization. In recent years, several full-polarimetric ground-penetrating radar (FP-GPR) systems [26,27] have been developed and demonstrated their effectiveness in subsurface imaging and fracture characterization [28,29,30,31]. In addition to collecting “VV” data, these FP-GPR systems also acquire “HH” and “HV” data, where “H” represents horizontal linear polarization. The co-polarimetric data include both “VV” and “HH,” while the cross-polarization data refers to the “HV” measurements. However, achieving FP-GPR data is challenging for most commercial GPR devices.



In this study, we first placed a set of plain concrete slats in parallel and covered them with polystyrene sheets to replicate internal cracks of varying sizes within the concrete structure. Considering the spatial orientation of the radar antenna relative to the cracks, we conducted co-polarimetric GPR surveys to acquire “VV” and “HH” polarization data. Subsequently, we developed an improved time-varying centroid frequency scheme based on ASST and applied it to the collected co-polarization GPR data in order to track the time–frequency characteristics of crack changes associated with crack width. This enables us to provide a more rational explanation for extracting and identifying crack information.




2. Methods


2.1. Adaptive Sparse S-transform (ASST)


The conventional S-transform, pioneered by Stockwell in 1996 [20], is capable of characterizing the time–frequency distribution of the time series as


  S   τ , f   =   ∫   − ∞  ∞  x  t     f      2 π      e  −       τ − t    2   f 2   2     e  − i 2 π f t   d t  



(1)




where  f  denotes the frequency and    i 2  = − 1  .  τ  represents the time-shift parameter which controls the position of the Gaussian window on the  t -axis.



By introducing the constraint of sparsity, Sattari [24] proposed a sparsity-based adaptive time–frequency transform, known as “the adaptive sparse S-transform”, which is defined as follows:


  t f r   f , τ   =   ∫   − ∞   + ∞    x ^    f + α    e  −   2 π  α 2     f 2       e  i 2 π α τ   d α  



(2)




where  α  is the frequency shift and    x ^   f    is the Fourier transform of   x  t   . The algorithm also necessitates the optimization of window parameters [21,32] to accommodate abrupt changes in non-stationary signals:


    TFR   S T    l      l , k   = IFT     A   s  m      l , m   ⨀   X ^     l , m      



(3)




where     A   s  m      l , m   ∈  R  N × N     is the desired matrix of an adaptive window with shifted arbitrary windows, its column form is     a   s  m      m + l − 1    , standard windows on its rows,     X ^     l , m   ∈  C  N × N     is the repetition of     x ^    l    for a total of m instances, and the operator  ⨀  denotes the sample-by-sample multiplication of two matrices [24].




2.2. Improved Centroid Frequency Based on the ASST


The original time-varying centroid frequency attribute can be expressed as


   f c   t  =     ∫  0 ∞  f S   t , f   d f     ∫  0 ∞  S   t , f   d f    



(4)




where   S   t , f     denotes the time–frequency spectrum derived by the S-transform.



When we utilize the ASST instead of the conventional S-transform to obtain the corresponding time–frequency distribution   t f r   t , f    , the improved time-varying centroid frequency scheme can be represented as


      f ˜  c   t  =     ∫  0 ∞  f t f r   t , f   d f     ∫  0 ∞  t f r   t , f   d f      



(5)







The centroid frequency, from a “wavelet” perspective, can be considered as an approximation of the time-varying dominant frequency (or most energetic frequency) of the wavelets [33,34]. To evaluate the effectiveness of the proposed time-varying centroid frequency scheme in depicting changes in dominant frequency, we constructed a two-layer model (2.5 m × 0.8 m) with an inclined interface for numerical simulation using the finite-difference in time domain (FDTD); see Figure 1a. The first layer (concrete) is modeled based on the stochastic media theory [35] to better represent the real situation of concrete, with a relative permittivity of around 4~6 and a conductivity set at 0.01. The bottom layer consists of wet sand, with a relative permittivity and conductivity set at 18 and 0.1 respectively. The transmitting and receiving antenna are denoted by the green and red blocks on the field surface. We adopt a 1.2 GHz Ricker source, and the offset is 0.08 m. The resulting B-scan obtained from FDTD simulation is presented in Figure 1b, where both direct wave and reflective waves from the inclined interface are visible at the top and middle sections of the B-scan.



The attribute profiles of conventional centroid frequency and the proposed ASST-based centroid frequency scheme are presented in Figure 1c,d, respectively. In both attribute profiles, the centroid frequency of direct waves and reflections from the inclined interface are clearly observable and distributed around the center frequency of the source wavelet, while the energy for reflective waves in the B-scan undergoes more attenuation than that of the direct waves. The subsurface layers can be more easily identified in the centroid frequency profiles using the proposed ASST-based scheme, as shown in Figure 1d, which exhibits better resolution. This is evident from the clearer depiction of scatter introduced by stochastic media and multiples at the bottom, as indicated by the black arrows. Additionally, the proposed scheme allows for observation of the obvious decay [36] in centroid frequency of the multiple, demonstrating its superior resolution compared to conventional methods.





3. Results


3.1. Experimental Setup and Co-Polarimetric GPR Data Acquisitions


We established an experimental setup to replicate the real-life occurrence of small cracks of varying sizes in highway roads or concrete structures, as described in reference [18]. Initially, a series of plain concrete beams or slats (10 cm width × 15 cm height) was arranged with contacts in parallel (see Figure 2a). The surface of the concrete slats exhibits a high degree of roughness, which may result in numerous discontinuities if the GPR vehicle collects data directly from it, thereby impacting data continuity. Therefore, a 5 cm thick layer of polystyrene plate was applied to cover these beams prior to subsequent GPR data acquisitions as depicted in Figure 2b. This experimental setup also holds some practical significance, such as for insulation layers on the exterior of buildings [37,38]. The concrete beams were displaced from the center at various distances, specifically 6 cm, 3 cm, 2 cm and 1 cm crack widths, to simulate internal vertical cracks within the concrete structure (see Figure 2c,d,e).



We conducted data acquisitions using a GPR system equipped with a GSSI 1.6 GHz antenna, corresponding to a wavelength of approximately 8 cm in concrete media. The experimental design aimed to detect cracks smaller than one wavelength in size. The crack widths for the first four groups correspond to approximately 3/4 wavelength, 3/8 wavelength, 1/4 wavelength and 1/8 wavelength. Additionally, we included a control group with a crack width of 0 cm as a reference and took measures to avoid alignment errors during displacement.



The survey lines were positioned along the central axis of the polystyrene plate, marked by a black marker (see Figure 3a). The acquisition mode utilized was the “ranging mode”, which uses the wheel to determine the distance traveled along the survey line. The time window was fixed at 5 ns, and the sampling frequency was 20 GHz. Taking into account antenna polarization effects, measurements were conducted using both “VV” and “HH” polarization, with the antenna dipole parallel and perpendicular to the measurement line, respectively (refer to Figure 3b,c).




3.2. Basic Signal Processing and Analysis


We acquired a total of ten sets of GPR B-scan data. We conducted initial signal processing steps including global background and DC removal, FIR band-pass filtering, AGC gain and deconvolution. The processed B-scans are exhibited in Figure 4. The B-scan profiles in Figure 4a,c,e,g,i were obtained using “VV” polarization from the concrete member with crack widths of 6 cm, 3 cm, 2 cm, 1 cm and 0 cm, respectively. Similarly, the B-scan in Figure 4b,d,f,h,j were collected using “HH” polarization. The interfaces between the plain concrete beams and the polystyrene plate above are indicated by blue dashed lines, while the lower interface is indicated by red dashed lines.



The cracks of varying widths and the contacts are indicated using gray dashed boxes and lines. The hyperbolic anomalies corresponding to the cracks (indicated by green ellipses) can be identified in both “VV” and “HH” polarizations, with the latter acquisition scheme emphasizing the anomalies more prominently. In the case of the thinnest crack (i.e., 1 cm), the hyperbolic anomaly is visible only in “HH” polarization, while it is not observable in the “VV” profile.



The contacts between concrete slats can be seen as millimeter scale cracks [39,40]. In the B-scan profiles for both polarizations, the response to millimeter scale cracks at the contact points can also be observed, resulting in discontinuous reflections. These discontinuities due to the contacts are indicated by blue arrows in the 6 cm width profiles. The “VV” polarization profiles (see left column of Figure 4) show greater continuity in the reflections, suggesting a less sensitive response to contacts. In contrast, the “HH” polarization profiles exhibit a more pronounced response to contacts, making it more suitable for detecting cracks perpendicular to the survey line [30,41].



In addition, the “VV” profiles exhibit significantly fewer instances of scattering and multiple reflections compared to the “HH” profiles. As a result, the interfaces between the plain concrete slabs and the polystyrene plate above, as well as the lower interface, can be clearly distinguished primarily based on the “VV” profiles. We represent both interfaces on all profiles using blue and red dashed lines.



Based solely on the results of the waveform analysis above, it is not sufficiently comprehensive for evaluating and analyzing cracks and contacts in the concrete member. In the following section, further discussion will be conducted to assess the proposed ASST-based centroid frequency attribute in GPR civil interpretation.




3.3. Improved Centroid Frequency Attribute Profiles


In this section, we further employ the improved centroid frequency based on adaptive sparse S-transform for co-polarization analysis of vertical cracks with varying widths, as depicted in Figure 5. Figure 5a,c,e,g,i depict the time-varying centroid frequency attribute profiles of the “VV” polarization B-scans corresponding to crack widths of 6 cm, 3 cm, 2 cm, 1 cm and 0 cm, respectively. Similarly, the corresponding time-varying centroid frequency attribute profiles for “HH” polarization B-scans are shown in Figure 5b,d,f,h,j. Refer to Figure 4, where the interfaces between the plain concrete slats and the polystyrene plate as well as the lower interface can also be identified from the centroid frequency profiles for both polarization, which are also marked by blue and red dashed lines, respectively.



The majority of the high-centroid frequency components (approximately 1.6~2.2 GHz) in the attribute profiles for both polarizations are concentrated in the shallow part. As the spreading time of the radar wave increases, there is a noticeable decrease in centroid frequency due to the attenuation effect (i.e., dielectric losses). This decrease is more pronounced in the attribute profiles of the “VV” polarization.



It is noteworthy that the centroid frequency at the cracks decays much more slowly than other parts in the “VV” profiles, as indicated by the dashed ellipses in Figure 5a,c,e,g. The lateral contrast may be attributed to the lower dielectric losses experienced by high-frequency electromagnetic waves propagating through air in the cracks compared to propagation in concrete. This contrast is particularly noticeable in the “VV” attribute profiles, as the backscattering width for high-impedance dielectric target bodies in the “VV” polarization is smaller than that of the “HH” polarization for air cracks [42], making contacts almost invisible and only allowing thicker vertical cracks to be seen. This phenomenon can be utilized for vertical crack identification.



The backscattering width in the “HH” centroid frequency attribute profiles exceeds that of the “VV” polarization, allowing for a more comprehensive observation of the response to contacts. The decrease in centroid frequency can also be detected, enabling the identification of contacts based on lateral discontinuity of centroid frequency, as shown in Figure 5j. This is due to the sensitivity of “HH” polarization to millimeter scale cracks as discussed in Section 3.2, which is also reflected in the “HH” centroid frequency profiles. At the locations of thicker cracks, although there is also a gradual decrease in centroid frequency (e.g., 6 cm, 3 cm; see dashed ellipses in Figure 5b,d), the lateral contrast mentioned above is not sufficiently pronounced to clearly indicate the presence of cracks. As for the case of thinner cracks (i.e., Figure 5f,h), the lateral contrast becomes less obvious.



For comparison, we also derive the centroid frequency profiles based on the conventional S-transform as shown in Figure 6. Figure 6a,c,e,g,i depict the derived time-varying centroid frequency attribute profiles of the “VV” polarization B-scans corresponding to varying crack widths (i.e., 6 cm, 3 cm, 2 cm, 1 cm and 0 cm), while the attribute profiles for “HH” polarization are shown in Figure 6b,d,f,h,j. Similar to Figure 5, the upper and lower interfaces are also marked by blue and red dashed lines, with cracks and contacts depicted by the dashed boxes and lines.



The overall distribution of centroid frequency components is generally consistent with that in Figure 5, although the resolution is lower. The lateral contrast of centroid frequency due to the vertical slow decay at the cracks can also be observed in the “VV” polarization, as shown by the dashed ellipses in Figure 6a,c,e,g, but cannot be identified in attribute profiles for “HH” polarization due to its low resolution. For a more detailed comparison, we also performed magnified imaging (zooming) on the centroid frequency profiles corresponding to the slats with and without cracks. In this instance, we will utilize the “VV” profiles (Figure 5a,i and Figure 6a,i) as an illustration; see Figure 7. Figure 7a,c depict the magnified centroid frequency components located at a significant distance from the crack (approximately 16–19 cm) and above the crack (22–32 cm), in accordance with the proposed scheme. They demonstrate superior resolution compared to the conventional S-transform (Figure 7b,d), as indicated by the red circles. Furthermore, Figure 7c illustrates the gradual decrease in centroid frequency components using the proposed scheme (highlighted by square box in Figure 7c) with improved resolution, while also highlighting the lowest points of crack with black arrows. In the “VV” acquisition without cracks, the proposed scheme (Figure 7e,g) also demonstrates higher resolution compared to Figure 7f,h, with no observed gradual decrease in centroid frequency.



Through the above analysis, it can be concluded that the centroid frequency attribute profiles for “VV” polarization reveal the lateral contrast due to a gradual decrease, and can be leveraged for vertical crack identification, while the attribute profiles for “HH” polarization are more sensitive to the lateral discontinuity of centroid frequency which can be used to identify the boundary of contacts.



After conducting the aforementioned analysis, it can be deduced that the proposed centroid frequency attribute profiles for “VV” polarization exhibit lateral contrast due to a gradual decrease in centroid frequency, thereby facilitating vertical crack identification. Conversely, the attribute profiles for “HH” polarization demonstrate heightened lateral sensitivity towards discontinuity, enabling effective identification of contact boundaries. Moreover, compared with the centroid frequency attribute profiles based on the conventional S-transform, the proposed scheme exhibits better resolution.





4. Discussion


In this study, we perform the co-polarimetric GPR surveys for deriving the “VV” and “HH” polarization data. In the “VV” polarization (the transmitting and receiving bow-tie antenna oriented parallel to the cracks), the response to the millimeter scale cracks (e.g., the contacts in this setup) is less sensitive than that of “HH” polarization (the transmitting and receiving bow-tie antenna oriented orthogonal to the cracks). This is because the millimeter scale cracks can be viewed as high-impedance dielectric abnormalities, and the corresponding backscattering widths of the “HH” polarization are greater than that of the “VV” polarization [42]. This feature is also reflected in the proposed centroid frequency attribute profiles. Conversely, for isolated cracks with greater thickness or size (e.g., the crack with a width of 6 cm), the “VV” polarization may be a better choice as it is less sensitive to minor contacts which can be seen as interference.



The polarization analysis of co-polarimetric data alone is not sufficiently comprehensive for evaluating and analyzing cracks. We have attempted to utilize the time-varying centroid frequency attribute to depict the vertical variation of radar wave center frequency and have observed a gradual vertical decay in centroid frequency at locations of vertical cracks. This could be attributed to the fact that high-frequency electromagnetic waves propagating through cracks (air) experience lower dielectric losses compared to propagation in general lossy media. This phenomenon can also be leveraged for vertical crack identification, with the contrast being particularly prominent in the “VV” attribute profiles. With the introduction of ASST, the improved centroid frequency scheme provides better resolution than that based on the conventional S-transform.



Furthermore, in order to simulate internal cracks of varying sizes in the concrete member, we utilized an experimental setup consisting of a series of plain concrete slabs arranged in parallel and covered with polystyrene sheets. However, actual cracks often exhibit irregularities and are characterized by randomness. It is important to consider more random shapes in order to better replicate real-world conditions as well as the corresponding scattering mechanism of actual cracks. Additionally, our current study only considered co-polarization GPR surveying and did not include cross-polarization measurement methods. In subsequent work, we will incorporate full-polarization measurement methods and consider an experimental scheme that closely resembles actual crack patterns for crack property identification analysis.




5. Conclusions


This study presents an experimental setup to simulate the presence of vertical cracks with varying widths within concrete structures or highway roadways. Co-polarimetric GPR surveys are conducted to obtain “VV” and “HH” polarization data. The time-varying centroid frequency attribute is applied to describe the vertical variation of the center frequency of radar wave, revealing a gradual vertical decay in centroid frequency at locations of vertical cracks. An improved time-varying centroid frequency attribute based on the ASST is proposed, which can provide better resolution. Based on the analysis of waveform and centroid frequency attributes for both polarizations, the cracks with varying widths and millimeter scale cracks can be identified in the “VV” and “HH” polarization profiles, respectively.



The proposed method is effective for identifying cracks, but further improvements are needed to make it suitable for extracting actual cracks, especially those with irregular orientations. We will enhance the experimental setup and incorporate full-polarization measurement or survey in future research to better align with real-world applications.
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Figure 1. (a) The relative permittivity model of the two-layer simple model with an inclined interface (a), the derived B−scan by using the FDTD simulation (b); (c,d) correspond to the attribute profiles derived by the conventional centroid frequency scheme and the proposed ASST−based centroid frequency scheme, respectively. 
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Figure 2. Experimental setup: (a) a series of plain concrete slats (120 cm × 10 cm × 15 cm) were arranged in parallel, (b) GPR system with a GSSI 1.6 GHz antenna, and field test diagrams for crack widths of (c) 2 cm, (d) 3 cm and (e) 6 cm. 
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Figure 3. (a) Co-polarimetric GPR data acquisitions, (b) the “VV” mode, i.e., GPR acquisitions with the antenna dipoles perpendicular to the survey line (parallel to the crack) and (c) the “HH” mode, i.e., GPR acquisitions with the antenna dipoles parallel to the survey line (perpendicular to the crack). 
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Figure 4. The B−scan profiles after initial signal processing. (a,c,e,g,i) were obtained using “VV” polarization from the concrete member with crack widths of 6 cm, 3 cm, 2 cm, 1 cm and 0 cm, respectively. Similarly, (b,d,f,h,j) were collected using “HH” polarization. The interfaces between the plain concrete beams and the polystyrene plate above are marked by blue dashed lines, while the lower interface is indicated by red dashed lines. Cracks and contacts are identified by dashed boxes and lines. The hyperbolic anomalies corresponding to the cracks are indicated by green ellipses. 
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Figure 5. The proposed ASST-based time-varying centroid frequency attribute profiles of the co-polarimetric GPR data. (a,c,e,g,i) depict the derived attribute profiles for “VV” polarization corresponding to crack widths of 6 cm, 3 cm, 2 cm, 1 cm and 0 cm, respectively. Similarly, the attribute profiles for “HH” polarization are shown in (b,d,f,h,j). The upper and lower interfaces are marked by blue and red dashed lines. Cracks and contacts are identified by dashed boxes and lines. 
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Figure 6. The S-transform-based time-varying centroid frequency attribute profiles of the co-polarimetric GPR data. (a,c,e,g,i) depict the derived attribute profiles for the “VV” polarization corresponding to crack widths of 6 cm, 3 cm, 2 cm, 1 cm and 0 cm, respectively. Similarly, the corresponding attribute profiles for “HH” polarization are shown in (b,d,f,h,j). The upper and lower interfaces are also marked by blue and red dashed lines, with cracks and contacts identified by dashed boxes and lines. 
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Figure 7. The magnified imaging (zooming) of “VV” centroid frequency profiles corresponding to the slats with and without cracks. For the slats with cracks, (a,c) are the zoomed centroid frequency components located at a significant distance from the crack (approximately 16–19 cm) and above the crack (22–32 cm), in accordance with the proposed scheme, while (b,d) are that of the conventional S-transform. Notably, (c) demonstrates a gradual decrease in centroid frequency with improved resolution compared to (d), and the bottom of the crack is more distinctly pointed. Meanwhile, zoomed centroid frequency components (e,f,g,h) for the case of no crack provide a basis for comparison. 
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