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Abstract

:

Nonlinear amplification is typically done on velocity signals from low-strain pile integrity tests to enhance weak echoes and superimpose any peak reflections. This conventional method may sometimes fail to untangle the hidden information within the signal that is obscured by the presence of noise. In this study, a pile defect identification system based on the conventional nonlinear amplification method and the wavelet packet transform (WPT) was proposed to easily detect the presence of any geometric or material defects by identifying feature parameters. Diagnostic rules, which have been lacking in the literature, were presented to serve as a guide in interpreting decomposed signals and in analyzing various characteristics of peak waveforms that are associated with certain types of defects. In this study, the finite element method was used to simulate the impact echo test of nine cases of defective piles. To verify the proposed scheme, six data sets of the nine cases of defective piles were made, in which a total of 54 piles were analyzed. The results of the study showed that the identification method based on WPT could detect defects 87.04% of the time compared to the conventional method, which only detected defects 64.81% of the time.
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1. Introduction


The importance of assessing the actual integrity and quality of deep foundations has long been recognized since the last decades. Difficult soils and hydrogeological conditions (occurrence of weak and specific soils in the sections, the aggressiveness and dynamic effects of subsoil waters, etc.) can cause pile defects and impair its constructed pile geometry and material quality, which reduces pile strength and capacity. Methods to control the quality of construction procedures for deep foundations, such as drilled shafts and driven piles, have been provided by the use of nondestructive evaluation (NDE) techniques (e.g., [1,2]). Low-strain testings, such as the impact echo test method, have been extensively used to evaluate pile integrity, uniformity, and continuity, by checking for possible defects, imperfections, and anomalies in physical dimensions and consistency of the pile material. In addition, the application of low-strain testing methods has been used to evaluate the conditions in end-bearing, such as soft pile toe, due to improper base cleaning, or rock-socketed status of the pile toe [3,4]. In general, the interpretation of sonic integrity test results needs considerable experience and knowledge in testing, subsoil condition, and construction method.



Various guidelines are presented in the literature regarding the interpretation of low-strain integrity test results for the identification of geometric defects or spatial imperfections, such as estimating the cross-sectional area of necking (reduction) or bulge (enlargement) of the pile shaft section, their location, and extent [5,6]. In most cases, the typical method for signal processing and analysis of results in impact echo tests of piles for the evaluation of their integrity is by linear/nonlinear amplification of the original signal scale response to superimpose any reflected peaks and enhance weak echoes. The basic method of scale amplification of the original signal alone may sometimes fail to identify local and hidden discontinuities, irregularities, and small defects for complex signals, whose interpretation is sometimes obscured by noise. A numerical signal process tool that can substantially improve and strengthen the signal characteristics can be provided by wavelet analysis through the wavelet transform (WT) method. The application of the wavelet transform for low-strain integrity testing has been found to be a promising signal processing tool [7]. Addison et al. [8] presented finite element generated responses of an imaginary pile with a 20% impedance increase at the middle, in which they indicated that the change in impedance was difficult to identify in the time domain, whereas the defect could be observed clearly in the wavelet transform.



The wavelet packet transform (WPT) is an extension of the WT, which provides a complete level-by-level decomposition of the signal [9]. WPT has become a popular signal processing method, which has been applied in various fields, such as in the medical industry [10], wind industry [11,12], electric power industry [12], condition monitoring and fault diagnosis of mechanical systems and structures [13,14,15,16,17,18], fatigue damage analysis of composites [19], and many more. The WPT is a signal analysis tool that has the feature of time-frequency resolution. It can be applied to time-varying signals, where the Fourier transform does not produce useful results, and the wavelet transform does not produce sufficient results [20]. The WPT can be considered as an extension to the discrete wavelet transform (DWT), which performs better in the reconstruction process than the discrete one. However, guidelines and recommendations on the interpretation of decomposed signals from low-strain pile integrity tests lack in the literature. For this reason, diagnostic rules were designed in this study to provide a more efficient interpretation of the feature parameters, to be able to identify and classify the presence and type of any material and geometric defect on the pile, to consequently localize the position of the defect, and to quantify the extent of the defect. Wavelet packet transform was applied as a new and promising set of tools and techniques for analyzing and clarifying the reflection signals in impact echo test of piles by decomposing their scale and time aspects into high-resolution components to be able to reveal and identify any hidden information due to the presence of defects, flaws, anomalies, imperfections, material inconsistencies, or damage.




2. Theoretical Background


2.1. Pile Integrity Test by Impact Echo Method


The method of pile integrity test (PIT), also known as sonic echo (SE), pulse echo (PE), impulse response (IR), or impact echo (IE) methods, is used for the low-strain integrity testing. The technique is referred to as the low-strain method because the strain induced by the impact is of the order of a few microstrains or less. It is non-destructive testing that is also commonly used for deep foundations, such as bored or drilled shafts, auger cast-in-place piles, driven concrete piles, and concrete-filled pipes [21,22]. The impact echo method (Figure 1) involves impacting the top of a deep foundation with a hammer to generate a downward traveling compression wave, which reflects back to the surface from changes in stiffness, cross-sectional area, and density. The arrival of the reflected wave energy is sensed by a receiver (accelerometer or vertical geophone). If a defect is present along the shaft, its size and location can be estimated by analyzing the propagation and reflection of the wave signal induced on the foundation by the hammer impact. It is also possible to estimate the depth of the pile toe.



Considering the pile to be a one dimensional elastic and isotropic bar, the equation of motion of the stress wave propagating along the axis in a pile-soil system is given by Equations (1) and (2) [23].


    ∂ p   ∂ t   + ζ   ∂ v   ∂ x   = 0  



(1)






    ∂ p   ∂ t   + ζ   ∂ v   ∂ x   = − c · R  



(2)




where p(x, t) and v(x, t) denote the force and particle velocity acting on each pile section, respectively; c is the wave speed of the pile, which is given by Equation (3); ρ and E are the density and Young’s modulus of the pile material, respectively; ζ is defined as the wave impedance of the pile, ζ = ρcA, in which A is the cross-sectional area; R is the soil resistance; t is the time measured from the moment of impact; and x is the travel time, which is defined by Equation (4). In Equation (4), z is the depth below the pile top.


  c =    E ρ     



(3)






  x =   ∫  0 z    d z  c   



(4)







At low-strain level, the mobilized shaft resistance R is small and maybe neglected for all practical purposes, in which the low-strain condition is formed as the basis for the integrity testing [1]. With the mobilized shaft resistance being negligible under these conditions, Equation (2) is reduced to Equation (5).


    ∂ p   ∂ x   + ζ   ∂ v   ∂ t   = 0  



(5)







Thus, the impedance ζ becomes the unique model parameter we seek to recover or interpret, with the wave Equations (1) and (5) now being an inverse medium problem. The change in wave impedance at the defect is mainly due to the change in cross-section area or wave velocity. The changes in impedance can be used to detect potential defects, anomalies, and imperfections, such as major cracks, necking, soil inclusions or voids, low-quality concrete, changes in pile cross-section, and reflections from the pile tip can be used to determine the embedment length.



For a perfectly intact and uniform pile with length L and having no defect or imperfections, the reflected wave from the pile tip propagates a total distance of 2 L, and thus the total travel time t defined by Equation (4) is given by Equation (6).


  t =   2 L  c   



(6)







For the case of cast-in-place concrete drilled piles or bored shafts, the embedment depth or length L is normally known with sufficient accuracy, such that the propagation time t in Equation (6) is, therefore, mainly dependent and inversely proportional to the wave velocity of concrete c. The wave velocity is also regarded as an indication of concrete quality since the modulus of elasticity E is related to the compressive strength f’c, as shown in Table 1. In this study, the characteristics of the reflection time and impedance of the wave signals were explored as they relate to the presence of various geometric and material defects, imperfections, flaws, and anomalies in a pile.




2.2. Principle of Wavelet Packet Transform


The principle of wavelet packet transform (WPT) method can be described as a generalization of the wavelet decomposition that offers a richer range of possibilities for signal analysis that can be used in data preprocessing for fault diagnosis [14], damage identification [15], improving the time resolution and noise suppression [27], and signal compression [28]. In wavelet packet analysis, a signal    S 0 0    is split into an approximation    S 1 0    and a detail    S 1 1   , which represent the low and high frequencies, respectively. The approximation is then itself split into a second-level approximation and detail, and the process is repeated (Figure 2). This decomposition, in effect, halves the time resolution and doubles the frequency resolution. For an n-level decomposition, there are n+1 possible ways to decompose or encode the signal, yielding more than different ways to encode the signal [29]. The wavelet packet function is a time-frequency function that can be defined as [30],


   W  j , k  n   ( t )  =  2   j 2     W n   (   2 j  t − k  )   



(7)




where the integers j and k are the index scale and translation operations. The index n is an operation modulation parameter or oscillation parameter. The first two wavelet packet functions are the scaling and mother wavelet functions given by Equations (8) and (9), respectively.


   W  o , o  o   ( t )  = ∅  ( t )   



(8)






   W  o , o  1   ( t )  = ψ  ( t )   



(9)




when n = 2, 3 … the function can be defined by the following recursive relationships:


   W  o , o   2 n    ( t )  =  2    ∑  k  h  ( k )   W  1 , k  n   (  2 t − k  )   



(10)






   W  o , o   2 n + 1    ( t )  =  2    ∑  k  g  ( k )   W  1 , k  n   (  2 t − k  )   



(11)




where h(k) and g(k) are the quadrature mirror filter (QMF) associated with the predefined scaling function and mother wavelet function. The wavelet packet coefficients,    W  j , k  n  ,   are computed by the inner product ❮  f  ( t )  ,  W  j , k  n   ❯ that is defined as,


   W  j , k  n  = ❮ f  ( t )  ,  W  j , k  n  ❯ = ∫ f  ( t )   W  j , k  n   ( t )  dt  



(12)







An example of the framework of the WPT algorithm broken up to three resolution levels is viewed as a complete binary tree, as shown in Figure 2. In the figure,    S 3 0    presents the symbol for a subspace that stands for the third resolution and the 0th subspace, while H and G are the two impulse responses of low-pass and high-pass analyzing filters corresponding to the scaling function and the wavelet function, respectively.



In pulse echo technique applied to piles, a pulse is emitted, and if a geometric defect, flaw, or material inconsistencies exists, peak reflections or delayed echo is expected. But in any case, the material response introduces grain noise, which hinders echo and defect detection. The main advantage gained by using wavelet packet analysis is the ability to perform a local analysis of a signal, i.e., zooming on any interval of time or space. Wavelet packet analysis is thus capable of revealing some hidden aspects of the data that other signal analysis techniques fail to detect [15], which is a particularly important property for damage and defect detection applications.





3. Interpretation of Velocity Signals from Impact Echo Method


3.1. Feature Parameters


As compared to the simple visual inspection of the original or amplified velocity signals that is sometimes obscured by noise from wave dispersions due to defects, the low-frequency components of the WPT decomposed signals would allow for easy identification of the feature parameters in an impact echo test on a pile, as described in the following.



3.1.1. Total Reflection Time, T of the Pile Tip


Reinforced concrete piles, such as drilled or bored piles, are normally designed and constructed using a known length L and concrete compressive strength f’c. Thus, from the design compressive strength used in the concrete mix, the expected equivalent modulus property E and wave velocity c could then be estimated from the relations in Table 1. For a normally constructed and intact pile without material defects (Figure 3), the expected travel time of the wave reflection from the pile bottom could be computed using Equation (6), and this expected travel time could be denoted as the reference time, Tr. The concrete quality and, consequently, the concrete compressive strength could then be verified using the actual total reflection time T from the pile tip obtained from the impact echo test measurements.




3.1.2. Number of Peaks, N


A normally constructed pile without geometric or material defects would typically have only two peak reflections generated from the impact test measurements, that is, one at the pile top due to impulse from the impact and another due to reflection at the pile tip, as shown in Figure 3. The presence of any intermediate peak reflections in between the pile top and bottom would then signify the existence of any geometric or material defects due to changes in the impedance at the defective sections of the pile. In the presence of any geometric or material defect, the reflected wave would then encounter two variations in impedance, corresponding to either an increase or decrease; first was from the change in impedance due to the presence of any defect at the start of the defective section, and the second was from the change in impedance due to the restored normal conditions at the end of the defective section. Thus, the expected number of intermediate reflection peaks due to defects would always be an even number greater than or equal to two.




3.1.3. Direction or Sign of Peaks


In addition to the number of intermediate peaks due to defect, the direction or sign of the reflected peak could be associated with the type or category of the defect being present, either when the peak was directed upward and thus having a positive sign and increase in impedance, or when the peak was directed downward and thus having a negative sign and decrease in impedance.





3.2. Identification and Classification of Defects from Feature Parameters


Based on the feature parameters being determined, an identification and classification scheme was being designed to be able to distinguish the type of defect, if any, that would be present at the pile. Two main classifications were being made: first, based on comparisons of the measured pile tip reflection time T with the reference time Tr; and second, based on the number of peak reflections N. A perfectly intact and uniform pile with no geometric and material defect would have a total reflection time T almost equal to the reference time Tr for the normal quality condition of the concrete material, and the number of reflection peaks was just two. When the measured tip reflection time T < Tr, it signified that the quality of the concrete material was higher than expected, and when T > Tr, it signified the presence of any low-quality material defect.



The presence of intermediate peaks greater than or equal to two signified a geometric or material defect. Geometric defects, such as the presence of neck, notch, crack, or voids, are all generally categorized as a reduction in the area of the pile cross-section, while bulge defects are generally categorized as enlargement in area. Pile defects due to reduction in the area or having material defects had a downward direction or negative sign of the first reflected wave and then an upward or positive sign of the next reflected wave, thus having the sign (−/+), as shown in Figure 4. On the other hand, the presence of a geometric pile defect with an enlarged section had an upward direction or positive sign of the first reflected wave and then a downward or negative sign of the next reflected wave, thus having the sign (+/−), as shown in Figure 5.



The proposed algorithm for the pile defect identification scheme was implemented in a pseudo-code, as shown in Figure 6, which was also graphically presented in the flowchart diagrams shown in Figure 7a,b. The pseudo-code in Figure 6 and the flowchart in Figure 7 had been used as reference guidelines for the interpretation, classification, and diagnosis of the type of pile defects. These had been implemented in program code using Excel VBA (Visual Basic for Applications). Based on visual inspection of the amplified and WPT decomposed signals, the basic input parameters (e.g., total travel time t, reference time Tr, and the number of significant peaks n) were entered, and the interpreted diagnosis of probable pile defects was presented in the output. A parametric study was performed in the following section to verify and test the proposed identification scheme through numerical simulation of impact-echo tests of bored piles with the application of WPT and to verify and compare its performance with the typical evaluation method by amplification of the original velocity signals without WPT applied.





4. Finite Element Method (FEM) Simulation and Analysis of Impact Echo Test


In connection with theoretical and numerical studies on piles, various researchers [31,32] have shown that three-dimensional (3D) modeling results are very similar in general terms to those predicted by the usual one-dimensional (1D) solutions. In this study, impact echo test simulations of intact and defective piles were performed using the finite element program ABAQUS [33]. Numerical studies were performed on various cases of intact and defective piles, as shown in Figure 8. Each case was assumed to be a bored pile, and was 0.50 m in diameter (D), bearing on a stiff soil layer at 15 m length (L). Figure 8a is the case for an intact pile having a uniform diameter with no geometric and material defects, while Figure 8b,c are example cases of defective piles with material defect, such as having the poor concrete quality or weak material in a certain zone. Figure 8d–f are example cases of the pile with geometric defects, while Figure 8h–j are example cases of the pile with multiple defects. Figure 8b is an example case of a pile with uniform diameter but had a low-quality concrete material through its length, while Figure 8c is an example case with a material defect at a segment along the shaft length. Figure 8d is an example of a pile with a neck defect that was modeled by a decrease in the cross-sectional area at the position shown. In Figure 8d,h,j, necking at the sections were modeled with a gradual reduction in diameter to a minimum 10% decrease of pile diameter (Dn = 0.9D) in the middle of the respective positions shown. Figure 8e is an example of a pile with bulge imperfection that was modeled by an increase in the cross-sectional area at the position shown. In Figure 8e,i,j, bulging at the sections were modeled with a gradual increase in diameter to a maximum of 20% increase of pile diameter (Db = 1.2D) in the middle of the respective positions shown. The pile and bearing soil layer were modeled in ABAQUS using three-dimensional 8-node linear brick elements of type C3D8R. The C3D8R element in ABAQUS is a general-purpose linear brick (continuum) element with reduced integration. Using the material properties ρ and E, the wave speed (c) of the material was calculated using Equation (3). At this speed (c), the wave passed to the bottom of the pile and traveled back to the top of the pile in total time (t) as given by Equation (6). To be able to see the wave propagate along the length of the pile through time, the mesh is adequately refined to capture the wave travel accurately. It is adequate to have the impact load take place over the span of 10 elements [33], and this means that the impact of duration times on the wave speed must equal the length of 10 elements. In this study, an element mesh size of 0.02 m was considered, which was consistent with the duration of impact as produced with the maximum force generated with typical handheld hammers and range of wave velocity of normal weight concrete used for piles. To keep the mesh uniform, the same size of the element (0.02 m) was considered for meshing in both the longitudinal and the transverse directions. Model boundaries of 5 times the width of the pile were considered in the horizontal direction and from the bottom of the pile in order to minimize boundary effects. The bottom boundary condition was constrained against displacement in all three directions, the vertical sides were constrained in the horizontal direction, and the top surface boundary was free. The analysis was based on an explicit method (ABAQUS/Explicit) that was especially well-suited for efficiently solving high-speed and short duration dynamic events, such as an impact load, which required many small increments to obtain a high-resolution solution. The ABAQUS/Explicit method used a central difference rule to integrate the equations of motion explicitly through time, using the kinematic conditions at one increment to calculate the kinematic conditions at the next increment.



The intact pile (reference pile) was modeled using an elastic modulus E1 = 38,400 MPa, density ρ = 2400 kg/m3, and Poisson ratio µ = 0.20, while pile sections with material defects were modeled by a lower elastic modulus property E2 = 20,000 MPa. The material properties of the bearing soil layer are Eb = 5000 MPa, density ρb = 2000 kg/m3, and Poisson ratio µb = 0.30. The impact was modeled by a suddenly applied maximum pressure of P = 10,000 Pa at a portion of the top quarter section area of the pile with a half-sine amplitude and 0.00008 s duration that was consistent with the maximum force generated with typical handheld hammers. Velocity responses were recorded at the top center of the pile at a sampling frequency of 50 kHz. The properties of the intact pile (reference pile) and bearing layer are listed in Table 2, while the properties of the defective piles in Figure 8 are summarized in Table 3.



Figure 9 shows the original signals of the velocity record from the wave reflection responses taken at the top center of the pile for the different simulation cases. As could be seen in Figure 9, various types of wave dispersion existed due to the very complicated forms of defects present in the piles. The defects included not only a sudden change in cross-section area at fracture, crack, or void but also gradual variation in cross-section at necking or bulging and change in material properties, which occurred in parts of the concrete. Wavelet packet decomposition was applied to the velocity signals after nonlinear amplification with the one-dimensional wavelet packet analysis function ‘wpdec’ in Matlab and using the “db2” wavelet packet filter Ψ and “Shannon entropy” [29]. By applying wavelet packet transform (WPT), low-frequency and high-frequency components, as noted by the left and right branches, respectively, of the WPT decomposition tree shown in Figure 10a and Figure 2, could be obtained from the original waveforms of the signals according to each defect previously considered. Considering the case in Figure 8e, whose original signal generated from ABAQUS simulation is shown in Figure 9e, if WPT was applied up to the third level of decomposition, the following low-frequency approximations shown in Figure 10b were obtained. As could be seen in Figure 10b, the noise was effectively removed, and the feature parameters could then be easily identified. Furthermore, after WPT was successfully applied, lower-dimensional data with improved resolution could be obtained that would facilitate the defect identification and detection process. In Figure 11, the typical method for the evaluation of defects in sonic-echo test results was performed by nonlinear amplification of the original signal in order to enhance weak velocity peaks due to impedance changes arising from defects. A new method of signal processing was then suggested in this study by applying WPT decomposition to the amplified signal. As shown in Figure 11, the WPT decomposed signal would clearly reveal any hidden information, such as the presence of defects, that might not be seen by mere amplification alone.




5. Verification of the Proposed Scheme by Parametric Study


In order to test and verify the performance of the proposed pile defect identification scheme based on wavelet packet transform (Method 1), a parametric study using ABAQUS/Explicit [33] was performed on various FEM models of defective piles by varying the parameters and conditions of the simulated pile cases shown in Figure 8b–j into six datasets, as shown in Table 4. The range of the input parameters shown in Table 4 covered various extent and location or position of the defects shown in Figure 8, from small to large, narrow or wide, and long or short. In Table 4, E1 and E2 refer to the modulus of elasticity values for the intact and defective pile, respectively, Dn is the maximum diameter of the neck defect, Db is the maximum diameter of the bulge imperfection, while the rest of the material parameters are as described in Section 4. Similarly, the depths z1 and z2 in Table 4 indicate the variations of the position of the geometric defects in reference to Figure 8. The objective of the parametric study was to compare with the conventional method of evaluation by nonlinear amplification of the original signal without WPT applied (Method 2), as described in Figure 11, as well as to determine if there were any limitations of the proposed method presented. Table 5 shows a comparison of the detection ratio between the two methods of pile defect diagnosis from the parametric study, in which the detection ratio was rated as high = 1.0, medium = 0.5, and low = 0, as shown. In most cases, the low-frequency components of WPT applied to the signals at the third level of decomposition had yielded a clear resolution and identification of the feature parameters. As shown in Table 5 and Figure 12, the superiority of the identification scheme based on the WPT method was seen for the detection ratings of 1 against 0 using the conventional evaluation method without WPT applied. As shown, method 2 contained more dark colors on the contour plot, indicating lower detection ratios, especially at cases c, d, e, and f. This means that method 2 had difficulty in detecting segments with weak concrete, neck defects, bulge imperfections, cracks, and notches in comparison to method 1. Using method 2, segments with weak concrete were hardly detected if E2 was almost the same as E1 and were moderately detected if the length and area of the very weak segment (e.g., E2 = 7, 10, 15 GPa) were short and small. In addition, neck defects and bulge imperfections were hardly detected if the defects were small (Dn > 0.8D, Db < 1.1D) and if the segment with the defect was long. Moreover, notches and cracks were hardly detected if it was located nearer to the top of the pile and if the depth of the defect was shallow.



A comparison was made for the velocity waveform of the amplified signals shown in Figure 13, Figure 14, Figure 15, Figure 16, Figure 17 and Figure 18 with and without WPT applied, which clearly showed the identified feature parameters and noise suppression of the signal with WPT. Based on the observations of the velocity waveforms for pile defects due to reduction in the area of the pile section, it was not possible to distinguish among a neck, crack, and void when the length of the neck or void was short, as shown in Figure 14, Figure 17 and Figure 18. Similarly, a very short extent of a weak pile segment might be misinterpreted to be a defect due to a reduction in cross-section area, as shown in Figure 13, especially when the measured reflection time at the pile tip T was almost equal to the reference time Tr. On the other hand, the reflections from a reduced pile area defect could be distinguished from a notch or crack if the extent of the defect was long, as shown in Figure 15, although it might be difficult to distinguish it from being a long necking or a long and narrow void. There were also certain magnitudes of the defect in which identification by WPT was low or not possible, such as when the extent of the neck, bulge, depth of notch or crack, and maximum size of the void was smaller than about 10% of the pile diameter, as marked by the detection ratio of 0.5 and 0 in Table 5. These phenomena of limitations in pile integrity testing are also presented by Tchepak [34] and Hartung et al. [35]. The basic purpose of assigning a detection weight value, as summarized in Table 5, was to make a numerical comparison for assessments of results of interpreted signals with and without WPT decomposition. A high value of 1.0 meant that the defects were detected and that the type of defect was fully distinguishable, while a medium value of 0.5 meant that the defects were detected but were not fully distinguishable, such as when a weak pile segment could be misinterpreted as a reduction in cross-section area or when a reduced pile area defect was difficult to tell whether it was a long necking or narrow void. A low value of 0 meant that the pile defects were not detected. For piles with multiple defects, if one of the multiple defects were not detected, a value of 0 was given. Nevertheless, even though the integrity testing might not identify all minor imperfections, the identification method based on WPT coupled with the conventional amplification method could be a useful tool in identifying major defects within the effective length of the pile compared to the method by amplification alone, as verified by the comparison of the detection performance rating shown in Figure 19 between the two methods.




6. Conclusions


In this study, the application of the wavelet packet transform (WPT) was demonstrated for the efficient noise suppression, identification of the feature parameters, and detection of defects in the integrity testing of piles by impact echo test method. Diagnostic rules, which have been lacking in the literature, were presented to serve as a guide in interpreting decomposed signals and in analyzing various characteristics of peak waveforms that are associated with certain types of defects. In this study, the finite element method was used to simulate the impact echo test of nine cases of defective piles. To verify the proposed scheme, six data sets of the nine cases of defective piles were made, in which a total of 54 piles were analyzed. Using the decomposed signal by WPT after amplification, the characteristics of the velocity reflection responses of the various simulated impact echo test of different cases of piles were clearly identified through their associated geometric and material defects present at the pile. Based on the results of the study, the following conclusions were drawn:




	
Segments with weak concrete were hardly detected using method 2 (nonlinear amplification of the original signal without WPT applied) if its modulus of elasticity was almost the same as the reference modulus of elasticity and were moderately detected if the length and area of the very weak segment were short and small.



	
Neck defects and bulge imperfections were hardly detected using method 2 if the defects were small and if the segment with the defect was long.



	
Notches and cracks were hardly detected using method 2 if it was located nearer to the top of the pile and if the depth of the defect was shallow.



	
Using method 1 (WPT-based method), a very short extent of a weak pile segment might be misinterpreted to be a defect due to a reduction in cross-section area, especially when the measured reflection time at the pile tip was almost equal to the reference time.



	
Based on the observations of the velocity waveforms for pile defects due to reduction in the area of the pile section, it was not possible to distinguish among a neck, crack, and void using method 1 when the length of the neck or void was short.



	
Using method 1, it might be difficult to distinguish a reduced pile area defect from being a long necking or a long and narrow void.



	
Even though the integrity testing on piles might not identify all minor imperfections, the results of the study showed that the identification method based on WPT coupled with the conventional amplification method could be a useful tool in identifying major defects within the effective length of the pile compared to the method by signal amplification alone, wherein the identification method based on WPT detected defects 87.04% of the time compared to the conventional method, which only detected defects 64.81% of the time.
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Figure 1. Low-strain pile integrity test by impact echo method. 
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Figure 2. Tree structures of wavelet packet transform [30]. 
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Figure 3. Intact and uniform pile. 
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Figure 4. Pile with neck defect. 
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Figure 5. Pile with the bulge. 
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Figure 6. Pseudo-code for pile defect diagnosis. 
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Figure 7. Pile defect identification scheme: (a) Flowchart for pile defect diagnosis; (b) Detailed flowchart for diagnosis based on reference reflection time and the number of peaks. 
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Figure 8. Various cases of intact and defective piles simulated by FEM: (a) Intact and uniform pile; (b) Pile with weak concrete throughout the length; (c) Weak concrete at a section; (d) Neck defect; (e) Bulge imperfection; (f) Notch, crack, or break; (g) Void; (h–j) Multiple defects. 
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Figure 9. Velocity records of wave reflection responses for the simulated pile cases (a-j) shown in Figure 8. 
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Figure 10. Signal decomposition: (a) Wavelet packet transform (WPT) decomposition tree; (b) Low-frequency components of the original signal of the simulated impact echo test of case e. 
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Figure 11. Amplification and WPT decomposition of the signal. 
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Figure 12. Contour plot of detection ratio: (a) Method 1 (amplification method and WPT); (b) Method 2 (amplification method only). 
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Figure 13. Amplified and WPT decomposed velocity signal for case c of dataset 6 (pile with low-quality concrete segment). 
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Figure 14. Amplified and WPT decomposed velocity signal for case d of dataset 4 (neck defect). 
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Figure 15. Amplified and WPT decomposed velocity signal for case d of dataset 5 (neck defect). 
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Figure 16. Amplified and WPT decomposed velocity signal for case e of dataset 5 (bulge imperfection). 
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Figure 17. Amplified and WPT decomposed velocity signal for case f dataset 6 (crack). 
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Figure 18. Amplified and WPT decomposed velocity signal for case g of dataset 2 (cylindrical void). 
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Figure 19. Comparison of detection performance between method 1 (amplification method and WPT) and method 2 (amplification method only). 
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Table 1. The relation between concrete quality and impact wave velocity [24], compressive strength [25], and modulus of elasticity [26].
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	Concrete Quality
	Impact Wave Speed in Concrete, c (m/s)
	Compressive Strength, f’c (MPa)
	    Modulus   of   Elasticity ,   E = 4700    (    f ′   c    )    0.5     ( MPa )    





	Excellent
	>4570
	>73.5
	>40,294



	Good
	3660–4570
	20.4–73.5
	21,228–40,294



	Not good
	3050–3660
	8.6–20.4
	13,783–21,228



	Bad
	2130–3050
	2.4–8.6
	7281–13,783



	Very bad
	<2130
	<2.4
	<7281










[image: Table] 





Table 2. Properties of the intact pile (reference pile) and bearing layer.
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	Property
	Unit
	Description or Quantity





	Intact pile:
	
	



	Pile type
	Not applicable
	Bored pile



	Pile diameter, D
	m
	0.5



	Pile length, L
	m
	15



	Elastic modulus, E1
	GPa
	38.40



	Density, ρ
	kg/m3
	2400



	Poission ratio, µ
	Dimensionless
	0.20



	Bearing layer:
	
	



	Elastic modulus, Eb
	GPa
	5 GPa



	Density, ρb
	kg/m3
	2000



	Poission ratio, µb
	Dimensionless
	0.30
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Table 3. Properties of defective piles in Figure 8 that were used to simulate the impact echo test by FEM.






Table 3. Properties of defective piles in Figure 8 that were used to simulate the impact echo test by FEM.





	
Case

	
Location of Pile Defect (z1 = First Pile Defect; z2 = Second Pile Defect)

	
Description of Pile Defect






	
b

	
z1 = 0–15.0 m

	
Poor concrete quality (E2 = 20 GPa)




	
c

	
z1 = 7.0–9.0 m

	
Weak material at a section (E2 = 20 GPa)




	
d

	
z1 = 7.5–8.0 m

	
Neck (Dn = 0.9D)




	
e

	
z1 = 8.5–9.0 m

	
Bulge (Db = 1.2D)




	
f

	
z1 = 7.5 m

	
Notch (50 mm wide and 0.20 m deep)




	
g

	
z1 = 9.0 m

	
Spherical void (0.20 m in diameter)




	
h

	
z1 = 4.0–6.0 m

	
Weak material at a section (E2 = 20 GPa)




	
z2 = 9.5–10.0 m

	
Neck (Dn = 0.9D)




	
i

	
z1 = 3.7–5.0 m

	
Weak material at a section (E2 = 20 GPa)




	
z2 = 9.5–10.0 m

	
Bulge (Db = 1.2D)




	
j

	
z1 = 4.0–4.5 m

	
Neck (Dn = 0.9D)




	
z2 = 10.5–11.0 m

	
Bulge (Db = 1.2D)








E2 = modulus of elasticity of poor or weaker concrete; Dn = maximum diameter of neck; Db = maximum diameter of the bulge.
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Table 4. Datasets used to verify the proposed pile defect diagnostic algorithm.
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Case

	
Dataset




	
1

	
2

	
3

	
4

	
5

	
6






	
b

	
z1 = 7–7.25 m

E2 = 7 GPa

	
z1 = 7–7.25 m

E2 = 10 GPa

	
z1 = 7–7.25 m

E2 = 15 GPa

	
z1 = 7–7.25 m

E2 = 25 GPa

	
z1 = 7–7.25 m

E2 = 30 GPa

	
z1 = 7–7.25 m

E2 = 35 GPa




	
c

	
z1 = 7–7.25 m

E2 = 7 GPa (25% area)

	
z1 = 8–8.50 m

E2 = 10 GPa (25% area)

	
z1 = 9–10 m

E2 = 15 GPa

(50% area)

	
z1 = 10–11 m

E2 = 25 GPa

(50% area)

	
z1 = 3–4 m

E2 = 30 GPa

(75% area)

	
z1 = 12–13 m

E2 = 35 GPa

(75% area)




	
d

	
z1 = 7.5–8 m

Dn = 0.95D

	
z1 = 7.5–8 m

Dn = 0.8D

	
z1 = 7–9 m

Dn = 0.7D

	
z1 = 3–4 m

Dn = 0.9D

	
z1 = 6–10 m

Dn = 0.8D

	
z1 = 12–13 m

Dn = 0.7D




	
e

	
z1 = 7.5–8 m

Db = 1.1D

	
z1 = 7.75–8 m

Db = 1.2D

	
z1 = 7–9 m

Db = 1.3D

	
z1 = 3–4 m

Db = 1.2D

	
z1 = 6–10 m

Db = 1.3D

	
z1 = 12–13 m

Db = 1.3D




	
f

	
z1 = 12 m

notch (30 mm wide

0.20 m deep)

	
z1 = 3 m

notch (20 mm wide

0.10 m deep)

	
z1 = 10 m

notch (10 mm wide

0.20 m deep)

	
z1 = 8 m

crack (5 mm wide

0.10 m deep)

	
z1 = 12 m

crack (3 mm wide

0.20 m deep)

	
z1 = 3 m

crack (3 mm wide

0.20 m deep)




	
g

	
z1 = 7 m

spherical void (0.10 m diameter)

	
z1 = 4 m cylindrical void (0.1 m dia. × 0.5 m)

	
z1 = 6–7 m cylindrical void (0.2 m dia. × 1.0 m)

	
z1 = 7–7.5 m elliptical void (0.5 × 0.2 m dia.)

	
z1 = 9–10 m, elliptical void (1.0 × 0.2 m dia.)

	
z1 = 12–12.5 m elliptical void (0.5 × 0.1 m dia.)




	
h

	
1

	
z1 = 3–3.25 m

E2 = 7 GPa

	
z1 = 4–4.5 m

E2 = 10 GPa

	
z1 = 4–5 m

E2 = 15 GPa

	
z1 = 5–6 m

E2 = 25 GPa

	
z1 = 3–3.10 m

E2 = 30 GPa

	
z1 = 4–5 m

E2 = 35 GPa




	
2

	
z2 = 8–8.5 m

Dn = 0.95D

	
z2 = 8.5–9 m

Dn = 0.8D

	
z2 = 7–9 m

Dn = 0.7D

	
z2 = 10–11 m

Dn = 0.9D

	
z2 = 8–12 m

Dn = 0.8D

	
z2 = 12–13 m

Dn = 0.7D




	
i

	
1

	
z1 = 3–3.25 m

E2 = 7 GPa

	
z1 = 4–4.5 m

E2 = 10 GPa

	
z1 = 4–5 m

E2 = 15 GPa

	
z1 = 5–6 m

E2 = 25 GPa

	
z1 = 3–4 m

E2 = 30 GPa

	
z1 = 4–5 m

E2 = 30 GPa




	
2

	
z2 = 8–8.5 m

Db = 1.1D

	
z2 = 8.5–9 m

Db = 1.2D

	
z2 = 7–9 m

Db = 1.3D

	
z2 = 10–11 m

Db = 1.1D

	
z2 = 8–12 m

Db = 1.3D

	
z2 = 12–13 m

Db = 1.3D




	
j

	
1

	
z1 = 4.5–5 m

Dn = 0.95D

	
z1 = 3–4 m

Dn = 0.8D

	
z1 = 4–7 m

Dn = 0.7D

	
z1 = 3–4 m

Dn = 0.9D

	
z1 = 4–8 m

Dn = 0.8D

	
z1 = 4–5 m

Dn = 0.7D




	
2

	
z2 = 10.5–11 m

Db = 1.1D

	
z2 = 7.5–8 m

Db = 1.2D

	
z2 = 9–12 m

Db = 1.3D

	
z2 = 8–10 m

Db = 1.2D

	
z2 = 12–13 m

Db = 1.3D

	
z2 = 8–12 m

Db = 1.3D
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Table 5. Comparison of detection ratio (1.0 = high; medium = 0.5; 0 = low) between the two methods of pile defect diagnosis.
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Method 1: Diagnostic Result Using Amplification Method and Wavelet Packet Transform (WPT)




	
Case

	
1

	
2

	
3

	
4

	
5

	
6




	
b

	
1.0

	
1.0

	
1.0

	
1.0

	
1.0

	
1.0




	
c

	
1.0

	
0.5

	
0.5

	
1.0

	
1.0

	
1.0




	
d

	
0.5

	
1.0

	
1.0

	
1.0

	
1.0

	
1.0




	
e

	
0.5

	
1.0

	
1.0

	
1.0

	
1.0

	
1.0




	
f

	
1.0

	
0

	
1.0

	
0

	
1.0

	
1.0




	
g

	
0

	
1.0

	
1.0

	
1.0

	
1.0

	
1.0




	
h

	
0.5

	
1.0

	
1.0

	
1.0

	
1.0

	
1.0




	
i

	
0.5

	
1.0

	
0.5

	
1.0

	
1.0

	
1.0




	
j

	
1.0

	
1.0

	
0.5

	
1.0

	
1.0

	
1.0




	
Method 2: Diagnostic Result Using Visual Inspection Scheme Based on Peaks and Amplification




	
Case

	
1

	
2

	
3

	
4

	
5

	
6




	
b

	
1.0

	
1.0

	
1.0

	
1.0

	
1.0

	
1.0




	
c

	
0.5

	
0.5

	
0.5

	
1.0

	
0.5

	
0




	
d

	
0

	
1.0

	
0.5

	
0

	
0

	
1.0




	
e

	
0

	
0.5

	
1.0

	
0.5

	
0

	
1.0




	
f

	
0.5

	
0

	
1.0

	
0

	
1.0

	
0




	
g

	
0

	
0

	
0.5

	
1.0

	
1.0

	
1.0




	
h

	
0.5

	
1.0

	
1.0

	
1.0

	
1.0

	
0.5




	
i

	
0.5

	
1.0

	
0.5

	
1.0

	
1.0

	
0.5




	
j

	
1.0

	
1.0

	
0.5

	
1.0

	
1.0

	
0.5
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