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Featured Application: The presented techniques can be applied to access a splice depth and a 

total length of driven precast piles. 

Abstract: The difficulties with the application of low strain integrity testing for evaluating the 

length of driven precast piles of two sections justify the need for new data acquisition and analysis 

techniques. The standard time domain analysis of the recorded signals may not allow for distin-

guishing the desired responses from a pile toe and a splice. In this paper, we propose the use of a 

set of hammers of different weights and tip materials that will provide various sensitivities of the 

test to a pile splice. To further analyze the collected data, we study the distributions of phase angles 

obtained using complex continuous wavelet transform. The characteristic phase shifts that distrib-

ute from higher to lower frequencies can be interpreted as responses from a pile toe and a splice. To 

verify the proposed approaches, a series of numerical simulations were performed using the finite 

element method for the driven pile models with the different properties of a splice zone. Numerical 

simulation results show that the pile splices are clearly identified when using the shorter input 

pulses which can be generated by light hammers with a hard head material. The total length of a 

simulated pile with a 1 mm air gap between sections was undetectable by standard data analysis 

approaches and was evaluated when analyzing the wavelet phase angle distributions. Numerically 

validated data acquisition and analysis techniques were applied to field data analysis and allowed 

us to confidently identify the length of two-section piles grouped with a pile cap. 

Keywords: piles; precast concrete piles; pile integrity testing; low strain integrity testing;  

sonic-echo test; numerical simulation; wavelet transform; complex continuous wavelet transform 

 

1. Introduction 

Due to the active development of large cities and intensive population growth, 

which are natural in the process of urbanization [1–3], the trend of building mega-cities 

in the interior has gradually exhausted itself, giving rise to the need for high-rise con-

struction. This is due to the reduction in the number of free urban areas and the high cost 

of land, as well as the solution of urban planning problems related to increasing the life 

cycle, resource-saving, energy efficiency, the preservation of green areas of cities, and 

other issues [4–7]. 

Pile foundations are widely used to transfer the load from superstructures due to 

their reliability and high load-bearing capacity, making it possible to erect and then op-

erate the building safely [8–10]. One of the most common pile foundation types is driven 

precast piles, which have proven themselves as a technological, less time-consuming, 

and cost-effective method of foundation works [8,11]. As the project pile lengths could be 
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too long for transportation or driving, a driven pile can consist of a few (typically, two) 

individual sections that are joined together during the pile installation. 

To evaluate the length and integrity of driven piles, a non-destructive low strain 

impact integrity test is implemented, which is based on the analysis of the propagation of 

elastic waves induced in a pile body by a hammer blow [12–17]. However, the ASTM 

D5882 standard states that the integrity evaluation of a pile section below a manufac-

tured mechanical joint is not normally possible since the impact wave likely will reflect 

completely at the discontinuity [18]. The evaluation of the length of driven piles of two 

sections requires the development of new techniques to carry out the testing and analyze 

the recorded data. 

One of the promising tools to enhance signal processing and interpretation is 

wavelet transform analysis, which studies a signal in both the time and frequency do-

mains simultaneously [19–25]. Wavelet analysis for low strain integrity testing of piles 

was introduced by Addison and Watson [26,27]. The technique was further developed in 

the papers [28–32], in which the advantages of analyzing the phase of the complex con-

tinuous wavelet transform (CCWT) are shown using synthetic and experimental data. In 

[33], an improved algorithm for pile defect localization based on automatic extraction of 

abnormal values of wavelet coefficients followed by the analysis of wavelet spectrum 

phase sections was presented. In [34], a wavelet de-noising technique based on CCWT 

was applied to filter the low strain test data with a low signal-to-noise ratio. 

The resolution of the low strain method for the defects of different sizes will depend 

on the frequency content of the input force pulses. It is advised to jointly analyze the 

signals generated with hammers of different weights and head materials [35]. 

To determine the length of each section and the total length of a driven precast pile, 

in this paper, we introduce the implementation of a CCWT technique to the low strain 

test data collected with a set of different hammers. 

2. Materials and Methods 

2.1. Driven Precast Piles 

Driven precast piles are designed to be sunk into the soil by indentation or ham-

mering to transfer the load from the building above to the surrounding soil mass [36]. A 

driven pile can consist of a single section or several sections joined together using pile 

splices. One of the most common and low-cost pile splice types [11] is the welded splice 

(Figure 1). 

The pile making process involves five steps. The first step is to make the reinforce-

ment cage, consisting of steel rods with diameters of 10 to 20 mm with a smooth or fluted 

surface. The second step is to weld steel corners in the area of the splice along the pe-

rimeter of the reinforcement cage. In the third step, the reinforcement cage is placed into 

a special metal mold, which is pre-treated with a lubricant to prevent the concrete from 

sticking to the walls. In the fourth step, the mold is filled with a concrete mixture and 

moved to the steam-curing chamber, where it is subjected to accelerated hardening. 

Once the pile manufacturing is completed, it is subjected to an output inspection 

before being shipped to the construction site. Indicators such as concrete strength (con-

crete compressive strength, transfer, and handling strength), compliance of reinforce-

ment and embedded items to detailed drawings, the strength of welded splice, the ac-

curacy of geometric parameters, the thickness of the protective concrete layer to the re-

inforcement bars, the opening of processing cracks, the category of a concrete surface, 

etc., are checked [36]. 

The fifth pile fabrication stage is carried out directly at the construction site. First, 

the bottom section of the pile is sunk into the soil using impact or vibration hammers. 

Then, using steel plates, the bottom and upper sections of the pile are spliced together 

through embedded parts, namely through the steel angles welded to the reinforcement 
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cage. Once the steel elements are welded, the splice is lubricated with corrosion-resistant 

coating, and the finished pile is sunk down to the design depth [11,36–39]. 

 

Figure 1. Driven precast pile (plan view and section): 1—upper section, 2—bottom section, 3—steel 

plate, 4—reinforcement cage, 5—steel angles, 6—corrosion-resistant coating. 

2.2. Low Strain Integrity Testing 

Low strain impact integrity testing (also referred to as sonic, pulse-echo, PIT, or SIT) 

is a non-destructive test method that is widely used to determine the length and integrity 

of deep foundations. The method complies with ASTM D5882 [18] and other interna-

tional codes. 

The elastic waves are produced by a hammer blow applied to the pile head surface 

and registered by an accelerometer attached to the pile head. The excited waves travel 

downwards along the pile body and reflect upward from the pile toe or non-uniformities 

such as cross-section changes, variations in elastic modulus, or density of the pile mate-

rial. 

The recorded signals can be analyzed in both the time and frequency domains 

[15,40,41]. Data processing operations usually include integration, normalization, ampli-

fication, filtering, and averaging. Signals are converted from units of time (t) to units of 

length (L) according to the equation: 

� =
�∙�

� 
, (1)

where V is the wave speed, assumed to be a constant value (typically 3600–4400 m/s for 

concrete piles). 

To verify the integrity of the pile and determine its length, the processed signals are 

analyzed along with site records, soil profile, and other relevant information. Signal 

features associated with reflections from a pile toe or structural defects are identified. A 

clearly pronounced reflection from a pile toe and a sufficiently stable signal are signs of a 

defect-free pile. 

When inspecting driven precast piles, special attention is to be paid to the splices 

between the sections. A splice can produce multiple reflection pulses, making it difficult 

to estimate the total length of a pile. As the resolution of the low strain method will vary 

depending on the frequency content of the input force pulses, it seems promising to use a 
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set of hammers of different weights and head materials to access both the splice depth 

and the total length of a driven pile. 

2.3. Numerical Simulation of Low Strain Testing of Driven Precast Piles with Input Pulses of 

Different Durations 

To study the resolution of low strain integrity testing, particularly its ability to lo-

calize the splice and determine the total length of driven precast piles, full-wave numer-

ical simulations were performed for four series of models. Each series consisted of 4 

calculations with different durations of the input force pulse ranging from 0.5 to 2.0 ms. 

The numerical simulations were performed in the axisymmetric formulation using 

the finite element method and specialized software [14,42], created in the COMSOL 

Multiphysics 5.3 package (Comsol Inc., Stockholm, Sweden). The calculations were car-

ried out using a high-performance workstation based on two Intel Xeon processors (a 

total of 24 cores) and 512 GB RAM. To solve the system of equations, a direct solver 

MUMPS was used. 

The layouts of four synthetic pile models with three splice options are presented in 

Figure 2. Model 1 represents a single-section driven pile 14 m in length, and Models 2–4 

represent piles of two jointed sections 8 and 6 m in length. Different types and conditions 

of pile splices were simulated with a 5 mm sand gap (Model 2), a 1 mm sand gap (Model 

3), and a 1 mm air gap (Model 4) between the pile sections. 

The surrounding medium for the piles was modeled as dry sand. To avoid wave re-

flections from the external boundaries of the models, low-reflecting boundary conditions 

were imposed on the side and bottom boundaries of the surrounding soil. 

The physical properties of the materials specified in numerical models—density, 

pressure, shear wave speeds, and damping coefficients α and β of the Rayleigh attenua-

tion model [43–46]—are given in Table 1. 

 

(a) (b) (c) (d) 

Figure 2. The layouts of synthetic driven pile models with different splice types: (a) single-section 

pile (without a splice)—Model 1; (b) 5 mm sand gap—Model 2; (c) 1 mm sand gap—Model 3; (d) 1 

mm air gap—Model 4. 

Table 1. The properties of simulated materials. 

Parameters Density, kg/m3 Pressure Wave Velocity, m/s 
Shear Wave Velocity, 

m/s 
Rayleigh Coefficients: α, s−1; β, s 

Concrete 2400 4000 2450 20; 10−8 

Sand 1500 600 200 200; 10−7 

Air 1275 300   
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The modeling time duration was set to 10 ms. The time discretization was related to 

the spatial mesh size, and the time step was set to 1 μs following the convergence condi-

tion by Courant–Friedrichs–Lewy. The size of the finite elements was chosen considering 

the typical dimensions of the model geometry and the wavelength in the material so as to 

ensure that the calculation error does not exceed 0.5%. 

To generate the elastic waves, an external vertical force � in the form of a Gaussian 

pulse modulated by a Hanning window was applied at the center of the pile top to an 

impact area 30 mm in diameter: 

� = −�e����
(���.��)

�
�

�

∙ �
�0.5 − 0.5cos �2π

�

�
�� , if � < �

0, if � ≥ � 
�, (2)

where A is the maximum force value, � is the time, and T is the pulse duration. The 

acoustic waves were registered with a 25 mm synthetic acceleration sensor offset from 

the pile axis by 75 mm. 

The duration of the input force pulses was set to be 0.5, 0.8, 1.2, and 2.0 ms to simu-

late the typical impacts of hammers of different weights and head materials. Shorter 

pulses correspond to hitting by a lightweight hammer with a metal tip, while 

long-duration input pulses correspond to heavy hammers with a rubber tip. 

Figure 3 shows the results of numerical simulations obtained for each synthetic 

model layout and each input force pulse. The simulations demonstrate that the length of 

the single-section pile (Model 1) can be determined with any duration of input pulse 

force applied (Figure 3a). 

The simulations for a 5 mm sand gap splice model (Model 2) show a clear response 

of a pile toe at 7 ms (Figure 3b). Using different input pulse forces, we can observe re-

flections from a pile splice at 4 ms on almost every signal. While the splice response is 

clearly detected for short input pulses, it becomes barely visible for the duration of the 

input pulse of 2 ms. 

The simulations for a 1 mm sand gap splice model (Model 3) show that both 

low-frequency (long-duration) and high-frequency (short-duration) signal excitations 

allow us to determine the total length of the pile, as evidenced by the reflection pulse 

registered at 7 ms (Figure 3c). Regarding the detection of the splice, with short-duration 

input pulses, a weak reflection can be observed at 4 ms. With long-duration input pulses 

of 1.2 ms and 2 ms, no reflection from the pile splice can be distinguished. The time do-

main analysis of these signals can lead to false conclusions that the pile consists of a sin-

gle section. 

The simulation results for a 1 mm air gap splice (Model 4, Figure 3d) show a clear 

splice reflection at 4 ms. Moreover, a second reflection from the splice can be observed at 

8 ms. Consequently, we can conclude that the air gap splice represents a significant ob-

stacle to the acoustic waves, and the total length of a pile could not be assessed. 

 

Figure 3. Results of numerical simulations of low strain integrity testing with input pulse forces of 

0.5, 0.8, 1.2, and 2.0 ms calculated for the driven pile models: (a) single-section pile—Model 1; (b) 5 

mm sand gap—Model 2; (c) 1 mm sand gap—Model 3; (d) 1 mm air gap—Model 4. 
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2.4. Complex Continuous Wavelet Transform 

To increase the reliability of low strain integrity testing, in [29–34], it was proposed 

to use the complex continuous wavelet transform to perform a time–frequency analysis 

of the recorded signals. CCWT converts the studied signal �(�) ∈ L2(R) into a function of 

two variables a, b ∈ R, a > 0: 

�(�, �) = � �(�)
�

√�
�∗ �

���

�
� ��

��

��

, (3)

where (t) is the complex mother wavelet, * represents the complex conjugation opera-

tion, a is the scale parameter of the mother wavelet, and b is the time shift that determines 

the location of the wavelet. 

To apply the wavelet transform successfully, it is important to select the best-suited 

mother wavelet. In [36], we have shown that an optimal mother wavelet for low strain 

test data CCWT analysis is a complex Morlet wavelet: 

�(�) =
�

√��
����

��

� �������� 
   (4)

where B is the bandwidth and C is the center frequency. By varying the bandwidth and 

center frequency parameters, we can adjust the mother wavelet for the test data obtained 

with the initial force pulses of different frequency content. 

The CCWT results can be presented as an image in a time–frequency plane, where 

the energy distribution of the wavelet transform coefficients |�(�, �)|�  is shown in 

gradations of the color scale. The more precisely the local feature of a signal coincides 

with the wavelet function obtained by scaling and shifting, the more effectively it will 

stand out in the CCWT energy plot. 

To relate scale parameter a to frequency ��, we use the following relationship: 

�� =
��

�
  (5)

where �� is the center frequency of the wavelet. 

The instantaneous phase angle �(�, �) of �(�, �) can be calculated as: 

�(�, �) = ������ (
��(�,�)

��(�,�)
), (6)

where ��(�, �) and ��(�, �) represent the imaginary part and the real part of �(�, �), 

respectively. The phase angles of the wavelet coefficients can be presented as an image in 

a time–frequency plane (phase spectrum), where the blue color indicates −180 degrees 

(−π) of a phase angle and the red color denotes 180 degrees (π). 

To obtain the location of the pile toe or defects, Ni et al. (2019) [27] suggested finding 

the area of concentrated energy of the wavelet transform coefficients, then finding the 

phase shift from π to -π (or where the phase angle equals 0), which distributes in the form 

of a straight line from a higher frequency to a lower frequency in the phase spectrum near 

the corresponding concentrated energy area. If the reflected concentrated energy is not 

obvious, the phase shift line will be closer to a straight line from a higher frequency to a 

lower frequency. 

By analyzing the phase shift moments, it is possible to assess the pile integrity and 

precisely localize the defect or determine the pile length. In this paper, we propose to use 

the CCWT phase analysis to determine the lengths of the driven precast piles, as well as 

to localize their splices. 
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3. Results 

3.1. Application of Complex Continuous Wavelet Transform for the Numerical Simulation Results 

Here, we apply the CCWT analysis to the results of numerical simulations presented 

in Section 2.3 (Figure 3). As a mother wavelet, we use a complex Morlet wavelet with the 

bandwidth parameter B of 0.2 and the center frequency C of 1.2 (Equation (4)). 

Figure 4 shows the application of CCWT for a single-section pile (Model 1). The 

CCWT energy concentration points and the phase shift locations for each duration of the 

input force pulse are clearly visible at 0 (Line 1) and 7.5 ms (Line 2), which correspond to 

the responses of the initial hammer impact and the pile toe, respectively. 

 

Figure 4. CCWT analysis of the low strain test numerical simulation results for a single-section pile 

(Model 1) with input force pulses of 0.5, 0.8, 1.2, and 2 ms duration. 1st row—the simulated signals, 

2nd row—the distribution of energy of the wavelet transform coefficients, 3rd row—the distribu-

tion of phase angles of the wavelet coefficients. Lines 1 and 2 delineate the phase shift moments. 

Next, we consider the application of the CCWT on numerical models of driven piles 

of two sections with different splice types. While analyzing the data in the time domain, 

the response of a 5 mm sand gap splice (Model 2) was barely visible when using 

long-duration signal excitations. The CCWT results (Figure 5) obtained for these signals 

with the input force pulses of 0.5 and 0.8 ms show bright energy concentration points at 

0.0, 4.2, and 7.5 ms. For longer input pulses of 1.2 and 2.0 ms, there are no energy con-

centration points in the splice area (in the vicinity of 4 ms). However, when analyzing the 

phase spectrum, we observe clear phase changes at 0.0 (Line 1), 4.2 (Line 2), and 7.5 ms 

(Line 3) for each duration of input force pulse. These phase changes outline the response 

from the initial hammer impact, 5 mm sand gap splice, and the pile toe, respectively. 

 

Figure 5. CCWT analysis of the low strain test numerical simulation results for a pile with a splice 

of 5 mm sand gap (Model 2) with input force pulses of 0.5, 0.8, 1.2, and 2 ms duration. 1st row—the 

simulated signals, 2nd row—the distributions of energy of the wavelet transform coefficients, 3rd 

row—the distributions of phase angles of the wavelet coefficients. Lines 1, 2, and 3 delineate the 

phase shift moments. 

The CCWT analysis of the numerical simulation results for a pile with a 1 mm sand 

gap splice (Model 3) is shown in Figure 6. While the splice responses are poorly distin-

guishable when analyzing the time domain representations of signals and the distribu-



Appl. Sci. 2022, 12, 10901 8 of 11 
 

tions of CCWT energy, they clearly stand out as phase changes at 4 ms (Line 2) for the 

durations of input force pulses of 0.5, 0.8, and 1.2 ms. 

 

Figure 6. CCWT analysis of the low strain test numerical simulation results for a pile with a splice 

of 1 mm sand gap (Model 3) with input force pulses of 0.5, 0.8, 1.2, and 2 ms duration. 1st row—the 

simulated signals, 2nd row—the distributions of energy of the wavelet transform coefficients, 3rd 

row—the distributions of phase angles of the wavelet coefficients. Lines 1, 2, and 3 delineate the 

phase shift moments. 

The time domain analysis of the simulation results for a pile with a 1 mm air gap 

splice (Model 4) delineates pronounced responses at 4 and 8 ms, related to first and sec-

ond reflections from the splice, respectively (Figure 7). No pulse that can be interpreted 

as a reflection from the pile toe is distinguished neither for the time domain representa-

tions of the signals nor for the distributions of the wavelet energy. While there are several 

distinctive changes in the phase spectrum for different signals with various input force 

pulses, the only characteristic phase shift that manifests itself upon all input pulses is the 

one at 7.5 ms (Line 3). This phase change corresponds to a total pile length of 14 m. 

 

Figure 7. CCWT analysis of the low strain test numerical simulation results for a pile with a splice 

of 1 mm air gap (Model 4) with input force pulses of 0.5, 0.8, 1.2, and 2 ms duration. 1st row—the 

simulated signals, 2nd row—the distributions of energy of the wavelet transform coefficients, 3rd 

row—the distributions of phase angles of the wavelet coefficients. Lines 1, 2, and 3 delineate the 

phase shift moments 

3.2. Application of Complex Continuous Wavelet Transform for the Field Low Strain Integrity 

Testing 

The proposed method to carry out the low strain integrity testing (the application of 

a set of hammers that produce pulses of various frequency content) and analyze the rec-

orded signals (the joint analysis of the energy and phase images of CCWT) was applied 

for the field data collected at a construction site in Moscow. 

The existing building was demolished, and the question arose about the possibility 

of using the exposed driven pile foundation for future construction. In the absence of 

executive documentation, it was necessary to determine the length and integrity of the 

piles. 
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The low strain integrity test was carried out from the top of the pile cap 1 m high. To 

generate the acoustic waves, a set of three hammers was used: hammer 1 of 100 g with a 

metal tip, hammer 2 of 200 g with a metal tip, and hammer 3 of 500 g with a rubber tip (a 

rubber mallet). 

The low strain test signals obtained for one of the tested piles are presented in Figure 8, 

first row. The recorded data are complicated by a large number of features that do not 

allow us to safely outline the responses from the pile toe and possible existing splices 

when analyzing the data in the time domain. 

To increase the data decoding reliability, the CCWT with a complex Morlet wavelet 

was applied to process the obtained field data (Figure 8, second and third rows). The 

distributions of energy of the wavelet transform coefficients show a complex pattern of 

anomalies. When analyzing the phase distributions, for each registered signal, one can 

note the characteristic phase shifts that distribute from higher to lower frequencies at 4 

ms (Line 2) and ~6.5 ms (Line 3). These phase changes are interpreted as responses from a 

pile splice at a depth of 8 m and a pile toe at a depth of 13 m, respectively (with the wave 

speed assumed to be equal to 4000 m/s). Considering the 1 m height of the pile beam, we 

can conclude that the length of a top pile section is 7 m, and the total pile length is 12 m. 

 

Figure 8. CCWT analysis of the field low strain tests of a driven precast pile of the unknown depth. 

The data was collected with a set of 3 hammers of different weights and tip materials. 1st row—the 

recorded signals, 2nd row—the distributions of energy of the wavelet transform coefficients, 3rd 

row—the distributions of phase angles of the wavelet coefficients. Lines 1, 2, and 3 delineate the 

phase shift moments. 

4. Conclusions 

The current techniques for collecting and analyzing the low strain integrity test data 

do not allow for safely evaluating the length of driven precast piles of two sections. In 

this paper, we propose the use of hammers of different weights and tip materials for the 

data acquisition and the subsequent analysis of the recorded data using a complex con-

tinuous wavelet transform. 

To illustrate the proposed approach, we performed a series of numerical simulations 

using the finite element method for the four driven pile models of 14 m with the different 

properties of the splice area. The simulations show that the short-duration input force 

pulses (that correspond to a wave generation by lightweight hammers with a hard tip) 

are more sensitive to the splice area than the long-duration ones. However, the use of 

lightweight hammers in real-life testing can lead to a low signal-to-noise ratio of the rec-

orded data. 

The numerical simulation results for the splice area of 1 mm air gap did not allow us 

to access the total length of a driven pile when using standard time domain analysis of 

the simulated signals. To further increase the reliability of the data interpretation, we 

analyzed the modeled signals using CCWT with a complex Morlet wavelet. 
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The main advantage of using a complex mother function for the wavelet analysis is 

the ability to study the phase spectrums, where even very low-amplitude reflected waves 

become distinguishable. While the registered data can have multiple phase shifts associ-

ated with the desired responses or noise, a joint analysis of the signals collected with a set 

of different hammers can help in localizing the required phase changes. The analysis of 

the CCWT phase distributions for a series of signals of different input force pulses al-

lowed us to localize the splice and access the total length of all modeled piles. 

The proposed techniques piloted on numerical simulation data were applied for the 

field low strain test of driven precast piles of unknown lengths. The wavelet phase anal-

ysis assessed the depth of the splices and the total pile lengths, allowing the design or-

ganization to decide on the future use of the pile foundation. 
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