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A series of in situ tests were conducted using the low-strain integrity testing method to detect the defects of cast-in-place concrete piles. Numerical studies were conducted to observe the time-domain waveform along cast-in-place concrete piles with diameter expansion, diameter reduction and segregation defects. It is found the time-domain waveforms of the pile with the diameter expansion defects have second wave troughs after the first wavelength while those with diameter reduction and segregation defects have second wave crests. However, it is difficult to use amplitudes to directly determine the length, diameter and segregation degree of the defects. The second wavelengths could be used to identify the lengths of diameter reduction and segregation defects but it is hard to identify those of diameter expansion defects. The locations of diameter reduction and segregation defects could be determined through the time of second wave crests using the linear interpolation method, and those of diameter expansion defects could be determined through the time of second wave trough.
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1 INTRODUCTION
The cast-in-place piles are extensively used as the foundation for high-rise buildings due to their high bearing capacity, wide applicable geological conditions, strong deformation resistance, and low vibration and noise levels during pile installation (Loseva et al., 2022; Prakashvel et al., 2022; Jian et al., 2023). The defects in the pile body, i.e., diameter expansion and reduction, toe debris, mud cake and pile broken, may heavily influence its integrity, and bearing capacity (Poulos, 2005). The in situ non-destructive quality inspection methods are often used to identify the potential defects in the pile body because they cannot be identified visually as superstructures. The commonly used methods include the low-strain sonic integrity testing method (Lozovsky et al., 2020), the cross-hole sonic testing method (Sheinin et al., 2016), and the core drilling method (Morgano, 1996).
The low-strain sonic integrity testing method is one of the most commonly used pile integrity testing methods because it is simple, inexpensive, and fast to perform requiring very little preparation on the pile head (Likins and Rausche, 2000; Massoudi and Teffera, 2004; Ni et al., 2006). The test uses a small hand-held hammer, typically 4 to 5 cm in diameter, to impact the pile head and an accelerometer placed on the pile head to capture the acceleration time history. The captured velocity-time curves are usually interpreted based on the 1D stress wave theory by assuming a uniform load on the pile head (Ni et al., 2008; Wang et al., 2010). The anomalies of the pile body can be located and characterized by the arrival time and waveforms of the reflections (Chai et al., 2011).
The investigation on the feasibility of using sonic integrity testing to detect concrete fractures was started in the 1970s (Steinbach and Vey, 1975). Ni and Huang. (2013) examined the integrity of large-diameter cast-in-place concrete piles using contact surface reflected waves. Kachanov et al. (2017) investigated the limitations of detecting the integrity of concrete piles with near-surface defects by the reflected wave method and used the impact echo method to determine the location of defects in the piles. Genadii and Iurii. (2016) concluded that some serious problems may be raised with the diagnosis of much larger defects because of the concrete heterogeneity, irregularity of concrete physical and mechanical properties, variations of cross-section shape, and soil conditions along the pile length.
The commonly used parameters in characterizing pile defects are the propagation velocity of waves and the reflected wave crests. The interpretation of low-strain sonic integrity testing results based on the 1D stress wave theory may no longer be accurate in complex geological conditions (Chow et al., 2003). This is because the stress wave reflection methods rely on a single waveform is challenging to accurately determine the parameters for different types of piles (Niederleithinger and Taffe, 2006; Ni et al., 2012). The 3D effects in the form of surface waves made the interpretation more complicated which was often analyzed using the 3D finite element method (Lu et al., 2013; Lozovsky et al., 2020). To simulate the low-strain sonic integrity testing method, the pile and soil are simulated using a viscoelastic model (Chow et al., 2003; Chai et al., 2010; Zheng et al., 2016; Zheng et al., 2018; Liu et al., 2020). To reflect the velocity vibration response at the pile head, the elimination of the effect of Rayleigh waves has to be conducted (Seidel and Tan, 2004a; Seidel and Tan, 2004b).
In this paper, a series of in situ tests were conducted using the low-strain integrity testing method to detect the defects of cast-in-place concrete piles. Numerical studies were conducted to observe the time-domain waveform of cast-in-place concrete piles with diameter expansion, diameter reduction and segregation defects. The factors affecting the accuracy to evaluate the pile defects are investigated which could give certain guidelines for the engineers to analyze the waveforms to ensure the safety and reliability of the pile project.
2 CASE HISTORY
The expansion of the Tianjin Binhai International Airport included the construction of a new runway and terminal at the Binhai New District, Tianjin, China. The terminal was designed to use cast-in-place bored piles and raft foundations to support the building. Each cast-in-place bored pile has an outer diameter of 0.8 m and a depth of nonuniformly distributed ranging from 30 to 40 m over the site. The concrete grade used to concrete the cast-in-place bored pile is C35 with a concrete protective layer of 5 cm. The soil types in the site were generally consistent and roughly divided into four layers. The first layer is a plain fill layer with a thickness of 2 m, a cohesion of 24.5 kPa, and an internal friction angle of 20°. The second layer is a clay layer with a thickness of 4 m, an average moisture content of 41.9%, a cohesion of 14.5 kPa, and an internal friction angle of 23.4°. The third layer is a silty clay layer with a thickness of 30 m, a cohesion of 23.4 kPa, and an internal friction angle of 21°. The fourth layer is a sand layer which is a hard holding layer with a thickness of 14 m, and internal friction angle of 33°. More details of the soil properties on the site are tabulated in Table 1.
TABLE 1 | Soil properties.
[image: Table 1]After the installation of the cast-in-place bored piles, the low-strain integrity testing was conducted according to JGJ 106–2014 (2014). The tested five piles are numbered S7, S8, S10, S12, and S15. The main testing equipment includes a foundation pile dynamometer (model FEI-C3), an acceleration sensor, and a hammer with weight of 13 kg. The striking position of the hammer is at the center of the pile. The acceleration sensor receives the signal at a two-thirds radius from the center of the pile.
The time-domain waveform was obtained by integrating the acceleration signal as shown in Figure 1. It can be found that there is no reflected wave crest at the time-domain curves of piles No. S7, S10, S12, and S15. The small wave troughs of the reflected waves at the time of around 10 ms are due to the small expansion of the pile diameters. The reflected wave of S8 pile has a wave crest at the time of 8.6 ms as shown in Figure 1B. This was due to the pile necking defect. According to the two wave crests located at the pile head and pile end, using the linear interpolation method gives the location of the necking defect at 9 m below the ground surface. The pile was excavated and found that the pile necking occurred with a necking diameter of approximately 0.7 m at the pile body ranging from 8 to 10 m from the pile head which proved the accuracy of the low-strain test results. It is also found that the wave velocities of the intact piles range from 3,800 m/s to 3,890 m/s, while that of pile No. S8 is litter lower with its magnitude of 3,750 m/s. More details of the results from the low-strain tests are summarized in Table 2.
[image: Figure 1]FIGURE 1 | Comparison of the time-domain waveforms from in situ field tests and numerical simulation (A) S7, (B) S8, (C) S10, (D) S12, (E) S15.
TABLE 2 | The results of the low-strain integrity testing.
[image: Table 2]3 NUMERICAL MODELING
Numerical studies were conducted to observe the time-domain waveform in the cast-in-place concrete piles with diameter expansion, diameter reduction and segregation defects. The in situ low-strain integrity tests were simulated to verify the accuracy of the proposed numerical model. The pile and soil are modeled as linear-elastic materials using C3D8 solid elements as shown in Figure 2. The soil is in a cylinder shape with a depth of 60 m and a diameter of 8 m which is 10 times the diameter of the pile. The properties of the soil are the same as those shown in Table 1. The piles were modeled with their diameters of D = 0.8 m and variable lengths as shown in Table 2. The pile number S8 has a necking defect ranging from 8 to 10 m from the pile head with a necking diameter of 0.7 m according to the field observation. The concrete, main bars, spiral bars, and reinforcing bars in cast-in-place bored piles were simulated separately. The Young’s modulus and axial compressive strength of the concrete material are 31.5 GPa and 35 MPa, respectively. The main bars consist of 10 steel bars with a diameter of 20 mm, and strength of HRB400 grade. The spiral bars are 8 mm in diameter and HRB300 in strength grade. The spacing of the spiral bars is 0.1 m within 10 m of the pile depth and 0.2 m below 10 m of the pile depth. The reinforcing bars are selected with a diameter of 18 mm and a strength of HRB400 grade and are installed at an interval of 2 m. The main bars, spiral bars, and reinforcing bars are embedded in concrete during modeling as shown in Figure 2B. More details of cast-in-place concrete pile properties used in the numerical model are summarized in Table 3. The relationship between the friction angle along pile-soil interface δ was proposed by Kulhawy (1984) with their expression of δ = (0.8–1.0)φ for smooth concrete piles where φ is the internal friction angle of soil. In the current study, the skin resistance along the pile-soil interface is Coulomb friction with friction coefficient tan δ = tan φ. The calculated friction coefficient tan δ of each soil layer is shown in Table 1. As the purpose of the current study is to simulate the time-domain waveform in the cast-in-place concrete piles, the average values of tan δ of the four soil layers with its magnitude of 0.45 are used to simulate all the pile-soil interfaces. The reflection-free boundaries are set at the edge and bottom of the soil layer to avoid additional reflected waves.
[image: Figure 2]FIGURE 2 | Mesh of the pile and soil models (A) Reinforcing steel cage, (B) intact pile, (C) Defective pile, (D) Pile-soil modeling.
TABLE 3 | Properties of cast-in-place concrete pile used in the numerical model.
[image: Table 3]The low-strain test is simulated by applying a hammer falling freely from a certain height above the pile head to generate transient loads. The reflected wave is received at a point of 2/3 radius from the pile center. The longitudinal transient excitation force p(t) at the top of the pile is simulated using the following sinusoidal impulse equation (Seidel and Tan, 2004a; Loseva et al., 2022).
[image: image]
where F is the maximum transient excitation force and F = 10 kN, t is the time, ft is the duration of the excitation force with a value of 0.001 s.
The simulated time-domain waveforms are compared with those from the in situ low-strain tests as shown in Figure 1. It can be seen that the time-domain signals obtained from the two methods are in fair agreement which verified the accuracy of the numerical model. For the results of pile No. S8, the time-domain signals obtained from numerical simulation also show an obvious wave crest at the time of 9 ms as shown in Figure 1B.
4 PARAMETRIC STUDY
The parameter studies are conducted to investigate the effects of diameter expansion, diameter reduction, and segregation on the reflected time-domain waveforms. The soil layers and the cast-in-place pile are modeled the same as those discussed in Chapter 3 except the length of the pile is fixed as 36 m. The length, diameter, and location of the pile defects are taken as variables in the parametric studies.
4.1 Diameter expansion
The defect of diameter expansion refers to the phenomenon that some sections of the pile appear significantly larger than the designed pile diameter after pile installation. The main reason for this phenomenon is due to the collapse of the disturbed soil around the predrilled hole which cannot resist the vibration impact in the process of concrete filling. The defect of diameter expansion may induce uneven settlement of the foundation. A series of numerical studies are conducted to investigate the influence of length, diameter, and location of diameter expansion defect on the reflection waveform.
The pile is modeled with an expansion diameter of 1.1 m, an intact diameter D = 0.8 m, and different expansion lengths ranging from 1.2 m (s = 1.5D) to 4.8 m (s = 6D) as shown in Figure 3A. The surface of the diameter expansion defect is located 15 m from the pile head. The waveforms of the cast-in-place piles with different lengths of diameter expansions are shown in Figure 3B. For comparison purposes, a velocity curve of an intact pile is also plotted in the figure. It can be found that obvious reflection signals are generated at the location of the pile defects. The reflected waveforms have second wave troughs at a time of 12.5 ms and wave crests at a time after 14.6 ms. The wavelengths correspond to the ranges of the diameter expansion defects. The more the lengths of the diameter expansion the higher magnitudes of the wavelengths and amplitudes. For example, the time differences of the wavelength are 1.88 ms and 2.59 ms for the cast-in-place bored pile with the lengths of the diameter expansion of 1.2 m and 4.8 m, respectively. It was also found the time to reach the pile ends remained unchanged. However, the more the lengths of the diameter expansion the higher amplitudes of the wave crests at the pile ends. This is because the longer diameter expansion lost more wave energy into the surrounding soil layers.
[image: Figure 3]FIGURE 3 | Effect of expansion length on the time-domain waveform (A) pile models, and (B) time-domain waveforms.
To investigate the influence of the expansion diameter on the time-domain waveform, the expansion diameters (d) are taken as variables with their magnitudes ranging from d = 1.0 m to d = 1.3 m as shown in Figure 4A. The cast-in-place piles are modeled with diameter expansion defects located at 15 m from the pile head and an expansion length of 3 m. The waveforms of the cast-in-place piles with different expansion diameters are shown in Figure 4B. It can be found that the reflected time domain waveforms are similar to Figure 3B except for higher amplitudes of the wave crests. The wavelengths are also increased with the increase of expanding diameters. It is also found the time of wave crests at the pile ends delays with the increase of the expanding diameters because more wave energies transfer into surrounding soil layers.
[image: Figure 4]FIGURE 4 | Effect of expanding diameter on time domain signal (A) pile models, and (B) time-domain waveforms.
To investigate the influence of the locations of diameter expansion on the time-domain waveform, the piles are modeled with an expansion length of 3 m, an expansion diameter of d = 1.3 m, and an expansion location from the pile head ranging from h = 5 m to h = 30 m as shown in Figure 5A. The obtained time-domain waveforms along the cast-in-place piles with different expansion locations are shown in Figure 5B. It can be seen that the expansion locations could be identified through the time of the second wave troughs. Furthermore, the deeper the expanding location the lower the amplitudes of the wave troughs of the reflected waves. The location of the diameter expansion in the pile also influences amplitudes of the wave crests at the pile end, but influences a little on its arrival time.
[image: Figure 5]FIGURE 5 | Effect of expanding location on time domain signal (A) pile models, and (B) time-domain waveforms.
4.2 Diameter reduction
The defect of diameter reduction or pile necking refers to the reduction of pile diameter at a certain place after pile installation. The necking may be induced either by the collapsed surrounding soil and misshape of the movable concrete mixture or by the disruption of the concreting operation. Parametric studies are conducted to investigate the influence of the length, diameter and location of the diameter reduction defects of the cast-in-place piles on the time-domain waveforms.
The piles are modeled with diameter reduction defects with a diameter of 0.5 m located at 10 m from the pile head. The lengths of diameter reduction (l) are taken as variables with their magnitudes ranging from 2 m to 5 m as shown in Figure 6A. The time-domain waveforms of the cast-in-place piles with different lengths of the diameter reduction defects are shown in Figure 6B. It can be found that the second wavelength corresponds to the length of diameter reduction. For example, the waveform of the pile with lengths of the diameter reduction defects of 2 m and 5 m have second wavelengths of 1.4 ms and 2.5 ms, respectively. The diameter reduction defects make the time-domain waveform have higher amplitudes of the second wave crests at the time-domain of approximately 10.5 ms.
[image: Figure 6]FIGURE 6 | Effect of necking length on time domain signal (A) pile models, and (B) time-domain waveforms.
To investigate the influences of the necking diameter on the time-domain waveform, the piles are modeled with the necking length of 3 m located at 10 m from the pile head and necking diameter (d) ranging from d = 0.6 m to d = 0.3 m as shown in Figure 7A. The time-domain waveforms of the cast-in-place piles with different necking diameters are shown in Figure 7B. Generally, the second wavelengths remain the same as the lengths of diameter reduction remain constant. The amplitudes of the second wave crests increase with the decrease of the necking diameter.
[image: Figure 7]FIGURE 7 | Effect of necking diameter on time domain signal (A) pile models, and (B) time-domain waveforms.
To investigate the influence of the locations of the diameter reduction, the piles are modeled with the necking length of 3 m and necking diameter (d) of d = 0.5 m, and different necking locations ranging from 5 m to 30 m from pile head as shown in Figure 8A. The time-domain waveforms along the cast-in-place piles with different necking locations are shown in Figure 8B. It can be found that the time of the second wave crests could be used to identify the location of the diameter reduction defects. The amplitudes of the second wave crests decrease with the depth of the diameter reduction defects. The time to reach the pile end remained unchanged but the amplitudes of the wave crest gradually decrease.
[image: Figure 8]FIGURE 8 | Effect of necking location on time domain signal (A) pile models, and (B) time-domain waveforms.
4.3 Segregation defect
The segregation defect refers to the defective cast-in-place concrete pile due to the use of substandard pile materials, improper batching ratios, uneven mixing or inadequate vibration, and high sand content in some areas of the pile body. The segregation defect heavily affects the strength and bearing capacity of the cast-in-place concrete pile foundations. The segregation defects are usually simulated by reducing the elastic modulus and density of the intact piles (Loseva et al., 2022). Parametric studies are conducted to investigate the influence of the length, segregation degree, and location of the segregation defects on the time-domain waveforms along the cast-in-place piles.
To investigate the influence of the segregation length on the time-domain waveforms, the piles are modeled with the segregation location of 10 m from the pile head and the segregation length (l) ranging from 2 m to 5 m as shown in Figure 9A. The elastic modulus and density of the segregated section are taken as 0.6 and 0.8 times those of the intact pile, respectively. The time-domain waveforms of the cast-in-place piles with different segregation lengths are shown in Figure 9B. It can be found that the segregation locations could be identified by the time of second wave crests. The second wavelength could reflect the segregation lengths. The amplitudes of the wave crests increase with the increase of the segregation length. This phenomenon is similar to those of piles with diameter reduction defects as shown in Figure 6B.
[image: Figure 9]FIGURE 9 | Effect of segregation length on time domain signal (A) pile models, and (B) time-domain waveforms.
To investigate the influence of the segregation degree on the time-domain waveforms, the piles are modeled with a segregation length of 3 m, a location of 10 m from the pile head and different elastic moduli ranging from 0.6E to 0.9E, where E is the elastic modulus of the intact pile, as shown in Figure 10A. The time-domain waveforms along the cast-in-place piles with different degrees of segregation are shown in Figure 10B. It can be found the lower the degree of segregation, the larger the amplitudes of the second wave crests. For example, the amplitudes are 4.54 mm/s and 1.06 mm/s for the defect piles with the elastic modulus of the segregated sections of 0.6E and 0.9E, respectively. It is also found the segregation section induces many wavelengths which are different from those obtained from piles with diameter expansion and diameter reduction defects.
[image: Figure 10]FIGURE 10 | Effect of segregation degree on time domain signal (A) pile models, and (B) time-domain waveforms.
To investigate the influence of the segregation locations on the time-domain waveforms, the piles are modeled with a diameter D = 0.8 m, a segregation length of 3 m, and a segregation location ranging from 5 m to 30 m from pile head as shown in Figure 11A. The elastic modulus and density of the segregated section are taken as 0.6 and 0.8 times those of the intact pile, respectively. The time-domain waveforms along the cast-in-place piles with different segregation locations are shown in Figure 11B. It can be found that the time of the second wave crest could be used to identify the position of the segregation. The second wavelength could be used to identify the lengths of pile segregation defects. The amplitudes of the second wave crests gradually decrease with the increase of the segregation location. However, the lengths of the segregation defects have little influence on the wave crests on pile ends.
[image: Figure 11]FIGURE 11 | Effect of segregation location on time domain signal (A) pile models, and (B) time-domain waveforms.
5 CONCLUSION
In this paper, a series of numerical studies were conducted to observe the time-domain waveform of cast-in-place concrete piles with diameter expansion, diameter reduction, and segregation defects. In-situ tests were conducted using the low-strain integrity testing method to verify the accuracy of the proposed numerical model. The following conclusions can be drawn from this study:
(1) The waveforms of the cast-in-place piles with diameter expansions have a second wave trough than those of intact piles. The expansion locations could be identified through the time of the second wave trough using the linear interpolation method. The more the lengths and diameters of the diameter expansion defects the higher the magnitudes of the wavelengths and amplitudes.
(2) The diameter reduction defects make the time-domain waveform have second wave crests. The second wavelengths could be used to identify the lengths of diameter reduction. The time of the second wave crests could be used to identify the location of the diameter reduction defects.
(3) The segregation section induces many wavelengths which are different from those obtained from piles with diameter expansion and diameter reduction defects. The segregation locations could be identified by the time of second wave crests. The second wavelength could reflect the lengths of segregation defects.
(4) The amplitudes of the second wave trough for piles with diameter expansion defect and wave crests for piles with diameter reduction and segregation defect could be influenced by diameter, length and segregation degree of defects. It is difficult to use amplitudes to directly determine the length, diameter and segregation degree of the defects.
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