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Article Info Abstract

Ensuring the safety of foundations requires advanced non-destructive testing
techniques. Cross-hole sonic logging (CSL) is a widely adopted method for
evaluating the integrity of deep foundation elements, such as bored piles,
Received 15 Nov 2023  barrettes, and diaphragm walls. This method involves analyzing the propagation
Accepted 11 Jan 2024 time and relative energy of ultrasonic pulses transmitted and registered by
probes inserted into pre-installed access tubes. However, in certain cases,
standard analyses may not effectively distinguish anomalous signals arising
from defects and other factors unrelated to concrete quality. Our study explores
the potential of an alternative frequency-domain approach for CSL data analysis.
We propose new attributes to quantify ultrasonic signal spectra, including
spectrum area, normalized spectrum area, weighted mean frequency, and
maximum frequency. These attributes are automatically calculated, eliminating
the need for additional data processing time and minimizing the risk of human
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logging; ) error. The proposed approach was applied to CSL data collected from two bored
Deep foundations; piles of 46 m length and successfully identified signals classified as anomalous
Bored piles through standard time-domain analysis. Further research is deemed necessary

to fully explore the potential of the frequency-domain approach in enhancing the
information content and reliability of CSL pile integrity testing.

© 2024 MIM Research Group. All rights reserved.

1. Introduction

The safety of a building begins with a strong and reliable foundation. Bored pile
foundations are esteemed for their high bearing capacity, adaptable geometry, cost-
effectiveness, and minimal environmental impact. However, deviations from construction
standards can introduce defects, compromising the bearing capacity and durability of
these foundations. Therefore, it is imperative to employ non-destructive testing techniques
capable of thoroughly assessing the structural integrity of deep foundation elements [1-
3]. These techniques rely on various physical phenomena, such as ultrasound propagation
[4-7], low-frequency acoustic waves [8,9], heat transfer [10,11], and others. Fig. 1 offers a
comparative diagram illustrating the various non-destructive testing methods employed
[3, 12-14]. These methods exhibit significant variations in their prevalence, scope, and
resolution. The choice of the testing method depends on the specific issues to be addressed,
structural design, soil conditions, regulatory requirements, and testing costs. The necessity
for further development of non-destructive testing methods for deep foundations arises
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from the technical complexities, high costs, and limited applicability of direct quality
control methods, alongside the increasing number of underground construction projects
in urban settings.

Currently, cross-hole sonic logging (CSL) stands out as a widely adopted method for pile
integrity testing, actively applied in practical scenarios. The testing procedure is subject to
regulation by standards and technical codes in various countries [15]. However, despite its
prevalence, significant variation exists in testing procedures and CSL data interpretation
criteria [16]. In certain cases, current approaches to CSL data analysis may struggle to
distinguish ultrasonic anomalies caused by defects and other factors unrelated to concrete
quality [16]. These approaches also offer limited capabilities for evaluating the strength of
concrete and identified defects [4]. Additionally, the effectiveness of current CSL data
analysis techniques can be compromised by diverse sources of errors [15]. Consequently,
there is a pressing need to explore novel data analysis techniques to enhance the reliability
and informativeness of CSL.

In this paper, we present an approach to analyze CSL test data in the frequency domain
and introduce new parameters (attributes) for quantifying recorded signal spectra. The
Materials and Methods section delineates fundamental CSL testing principles, current data
analysis methods, and a step-by-step procedure for attribute calculation. The Results
section shares our initial experience in applying these attributes to ultrasonic signals and
profiles. The Conclusions section addresses the potential and limitations of the proposed
techniques.
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Fig. 1. Non-destructive methods for pile integrity testing. Modified from [13]

2. Materials and Methods
2.1. CSL of Deep Foundation Elements

Cross-hole sonic logging is the most common non-destructive integrity testing method for
deep foundation elements with pre-installed access tubes [7]. This test relies on the
analysis of ultrasonic wave propagation within the pile body. Ultrasonic waves are
generated and received by ultrasonic probes, including a transmitter and at least one
receiver, which are inserted into access tubes made of steel or plastic (PVC) with typical
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diameters of 40 to 60 mm (Fig. 2). These access tubes are installed in the reinforcing cage
during pile construction and require filling with water before testing.

The testing should be conducted no earlier than 3 to 7 days after casting. The standard
testing procedure involves raising the probes synchronously from the bottom of the access
tubes to the top of the structure while generating and receiving ultrasonic waves at fixed
depth intervals. Subsequently, the recorded data is processed and presented graphically.
The testing procedure is governed by technical codes and specifications in various
countries, such as the US, UK, France, China, and others, with the ASTM D6760 code often
serving as the de facto standard in many regions [7].

The method of data acquisition through access tubes determines the controlled volume of
the drilled shaft body and the measurement techniques employed [4,8,17]. Cross-hole
configurations are the predominant choice for the application of ultrasonic testing,
whereas single-hole configurations are used less frequently [3]. Several techniques are
utilized to enhance the understanding of defect properties and geometry, with cross-hole
tomography representing the most advanced approach. In addition to the ray-based
traveltime tomography [18], new methods are under development, including attenuation-
based and full-wave inversion techniques [2,19,20].

e2,0

E— VENEDNINS SN - . U, LW L ..

B3] f

Depth, m

Ultrason:

Fig. 2. CSL pile integrity testing arrangement. Modified from [4]

2.2. CSL Data Analysis

The results of ultrasonic measurements for each pile comprise sets of ultrasonic signals
recorded in each pair of access tubes, forming ultrasonic profiles. The raw data for each
ultrasonic profile is visualized as a waterfall diagram, or seismogram, where signal
strength (voltage) is represented by color (Fig. 3a). Visual analysis of a waterfall diagram
allows for the rapid identification of changes in signal amplitudes and first arrival times
(FAT), enabling the assessment of data quality, such as signal-to-noise ratio and the choice
of signal gain value.

The registered ultrasonic data is qualitatively characterized through the calculation of
parameters for each recorded signal. In accordance with ASTM D6760 requirements, the
set of estimated parameters should encompass the First Arrival Time (Fig. 3b) and the
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Relative Energy (RE, Fig. 3c). Additionally, this list may be extended to include the Wave
Speed of ultrasonic pulses.
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Fig. 3. An example of an ultrasonic profile for a pile with two defects: waterfall diagram
(a); FAT (b) and RE (c) plots

The FAT value corresponds to the arrival time of the first waves, which travel in the fastest
path between the transmitter and receiver and can be distinguished during signal analysis.
To expedite the process, FAT is typically determined using automated picking algorithms
[21]. However, for anomalous signals (those with low amplitude or noise), FAT estimates
should be manually corrected. Following the picking procedure, the average FAT value and
the deviations from the average value (%) should be calculated for each ultrasonic profile.
Calculating the average FAT value should employ a robust average algorithm, as outlined
in [22].

FAT values can be employed to calculate the wave speed. This calculation should consider
the additional travel time in both the water and the access tube material:

L L
V= L/(to _ 2( tube + Water)) (1)
Vtube Vwater

where, V- wave speed, L - the distance between the probes, to - FAT value, Lwupe — tube wall
thickness, Lwater - the distance between the access tube and the ultrasonic probe in it (travel
path in water), Ve — longitudinal wave speed in tube material (typically 5100 m/s in steel
and 2300 m/s in PVC), Viater — longitudinal wave speed in water (typically 1500 m/s).

The Relative Energy characterizes the attenuation of ultrasonic waves transmitted through
the pile. According to ASTM D6760 [7], Relative Energy is defined as:

E
RE =20 log 2)
0

where, E represents the energy of a given pulse, calculated by summing the absolute values
of the pulse amplitudes, and Eo is the reference energy, set as a constant value equal to the
maximum energy of an ultrasonic profile or a fixed high value [23]. Energy values can be
calculated for two preset time intervals: either for at least five cycles starting from the FAT
(approximately 0.1 ms), or for the full length of the signal.
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While FAT characterizes the fastest wave path between the transmitter and receiver, RE
for both time intervals describe a larger area [4,23]. Therefore, it is necessary to include
both FAT and RE in the analysis. In some cases, RE can be helpful in distinguishing FAT
anomalies caused by defects from those unrelated to concrete quality, as discussed in
[4,24].

The processed ultrasonic data should be classified into one of the categories proposed by
Sellountou et al. [16]: class A (acceptable), class B (conditionally acceptable), and class C
(highly abnormal), according to the rating criteria presented in Fig. 4. However, it is worth
noting that the RE criteria may need slight adjustments based on the dominant frequency
of ultrasonic probes. Additionally, the FAT delay values can be substituted with wave speed
deviations to account for the differences in the depths of transmitter and receiver probes
and the additional travel time in the water and access tube, as described in Eq. (1).

It's important to emphasize that the rating criteria presented should not be the sole means
for evaluating pile quality [16]. Highly abnormal CSL data necessitate additional
measurements or analysis to distinguish defects from other sources of ultrasonic
anomalies and prevent misinterpretation of test results.

In CSL tests, the receiver signal represents the superposition of different types of ultrasonic
waves arriving at the probe. Standard time-domain analysis is not fully able to capture and
describe the complex full-wave structure of the received signals. While comprehensive
full-wave analysis of CSL data is currently constrained due to inherent ambiguity of inverse
problems and computational limitations, simpler yet effective techniques can be employed
to complement and enhance standard time-domain procedures.

18
8 15
= - class A
g 12
2
=29 — class B
v
Z 6
z: 3 . class C
0

0 5 10 15 20 25 30 35 40
FAT increase, %

Fig. 4. Graphical representation of ultrasonic data rating criteria. Modified from [16]

2.3. Calculation of Spectral Attributes for CSL Data

In this section, we introduce a technique for analyzing CSL data in the frequency domain
and offer a step-by-step procedure for calculating CSL data spectral attributes to
complement the standard set of FAT and RE.

To begin, we convert an ultrasonic signal from the time domain to the frequency domain
using the Fast Fourier Transform algorithm. This algorithm separates the input signal into
components contributing at discrete frequencies:

N-1
Ay = Z a,e”2™n/N o =0,..,N—1, (3)

n=0
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where {a,} = a,,..,ay_; represents the input signal amplitudes, {4;} = A, ..., An_1
represents the Discrete Fourier Transform (DFT) of the input signal amplitudes, and N is
the number of samples.

Next, we normalize (rescale) the calculated sequence of DFT by its maximum value
(Ajmax) to emphasize the signal's frequency content rather than its amplitudes, taking
advantage of the consistent source probe signals:

norm Ay
Ay = ,k=0,...,N—1 (4)

Amax

In non-destructive testing, there is a crucial requirement for regulatory control, prompting
the development of formalized algorithms to analyze measurement results. To
quantitatively characterize the calculated spectrum, we introduce a set of spectral
attributes that have been previously proposed for the analysis of seismic microzonation
data, ground-penetrating radar, slab impulse-response tests [25-26], low strain impact,
and parallel seismic methods for pile integrity testing [27-28]. These attributes include
spectrum area S normalized spectrum area Snnorm, Weighted mean frequency fw, and
maximum frequency fimax.

Spectrum area attributes S, and Su_norm approximate the area under the spectrum graph
using the trapezoidal rule:

N
2 (5)
A; + A
Sn — i > i+1 df
i=0
N72 Arorm 4 gnorm (6)
+
Sn_norm = Z %df
i=0

Where df represents the frequency resolution. The weighted mean frequency fi is
calculated by the equation:

_ X fiA )

?Ai

i=0

fw

Where f; represents spectrum frequencies. The maximum frequency fmax is the frequency
that corresponds to the maximum spectrum value.

3. Results
3.1 Spectral Attribute Analysis for Selected Ultrasonic Signals

To illustrate the proposed approach for CSL data analysis, let's examine the ultrasonic
signals associated with either a defect or good quality concrete. Fig. 5 shows signals
classified into class A (Fig. 5a) and class C (Fig. 5b), along with their amplitude spectra and
normalized amplitude spectra. These signals were acquired using the Cross Hole Analyzer
(CHAMP; Pile Dynamics, Inc., USA) instrument equipped with ultrasonic transducers
featuring a nominal frequency of 45 kHz.

In the time domain, a Class C signal exhibits an increased FAT and a significant decrease in
amplitudes, quantified with a FAT delay of 74% and RE of -15.1 dB (with a Class A signal
used as the reference data). The spectrum of the signal associated with good-quality
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concrete displays multiple peaks, with the majority of its energy concentrated between 35
- 90 kHz. In contrast, the spectrum of the signal associated with the defect exhibits a
prominent peak near 45 kHz, corresponding to the dominant frequency of the ultrasonic
probes. Another important distinction between the two spectra is the substantial loss of
both high (>90 kHz) and low (<35 kHz) frequencies in the spectrum of the Class C signal.

The spectral attributes calculated for the analyzed signals are presented in Table 1. The
Class C signal is characterized by a significantly lower value of spectrum area S, primarily
due to increased signal attenuation. Additionally, the Class C signal is characterized by
lower values of the normalized spectrum area Si_norm and the weighted mean frequency fuw,
resulting from a concentration of coefficients of the frequency components around the
dominant frequency of the ultrasonic probes. It's noteworthy that the maximum frequency
fmax of both signals exhibits relatively close values.

a b
class A class C
E 1 1
o
U]—l T T T T —1 T T T T
00 02 04 06 08 10 00 0.2 04 06 08 1.0
Time [ms] Time [ms]
g 0.02 0.02
S
@
S 0.00 . : . : 0.00 "ﬂ‘*—* : . :
0 50 100 150 200 250 0 50 100 150 200 250
Frequency [kHz] Frequency [kHz]
E—71.04 1.0 A
2 E
o 0.5 0.5 - J&M
ve
% 0.0 T T T T 0.0 T T T T
0 50 100 150 200 250 0 50 100 150 200 250
Frequency [kHz] Frequency [kHz]

Fig. 5. Class A (a) and class C (b) ultrasonic signals, their spectra, and normalized
spectra. The red dots on normalized spectra represent the maximum frequency (fimax)

Table 1. Spectral attributes of sample signals

Signal Sn [VHZ] Sn_nurm [HZ] fw [HZ] fmax [HZ]
Class A 565 27750 72990 42560
Class C 72 11065 52230 44950

3.2 Spectral Attribute Analysis for Ultrasonic Profiles

We proceed by examining sets of CSL data collected from two bored piles measuring 1 m
in diameter and 46 m in length. The CSL data was acquired using CHAMP equipment, with
measurements taken at approximately 50 mm depth intervals, following the ASTM D6760
procedure (Fig. 6). Standard time-domain analysis of the waterfall diagram, FAT and RE
values for Pile 1 (Fig. 7, a-c) reveals an ultrasonic anomaly within the depth range of 41.4-
41.9 m, falling somewhere between Classes B and C. A similar analysis conducted for Pile
2 (Fig. 8, a-c), has identified multiple anomalies within the depth range of 10.5 - 14.7 m,
classified as Class C.
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Next, we converted each ultrasonic signal into the frequency domain and displayed the
ultrasonic profile data as spectrum waterfall diagrams (Fig. 7d, 8d) and normalized
spectrum waterfall diagrams (Fig. 7e, 8e). Similar to standard waterfall diagrams, these
representations were generated by converting each spectrum into a narrow strip where
its amplitudes were color-coded, and then stacking these strips together. This approach
enables us to visually compare and analyze the variations in the frequency content of
ultrasonic signals with depth.

The spectra of the ultrasonic signals that were identified as anomalous in the time-domain
analysis exhibit a significant reduction in amplitudes for frequencies greater than 90 kHz
and less than 30 kHz. To capitalize on this observation, let's proceed with further analysis
of the frequency-domain data in three distinct ranges: 0-30, 30-100, and 100-250 kHz.

For a quantitative characterization of the frequency-domain data, we have computed
spectral attributes. Weighted mean frequency f» and maximum frequency fmax calculated
for these three frequency ranges are presented in subplots (f, h, j) of Figures 7 and 8.
Spectrum area S» and normalized spectrum area Si_norm calculated for the same frequency
ranges are shown in subplots (g, i, k). Prior to plotting, the S, and Sn_norm graphs were
normalized by their respective maximum values.

In the frequency range of 0-30 kHz, a significant reduction in the values of the proposed
attributes is observed at the depth ranges identified as anomalous by the time-domain
analysis. Specifically, fmax, representing the maximum spectrum amplitude in the selected
frequency range, decreases by up to the first hundred Hz. f experiences a reduction of
more than 50% from its background value of 20 kHz. The significant drop in both S» and
Sn_norm for both piles clearly indicates anomalies as well.

In the frequency range of 30-100 kHz, there is a noticeable reduction in S, for both piles,
particularly influenced by the RE of the signals. However, fnax does not provide a clear
indication of anomalies. On the other hand, fiw and Sy norm only point to anomalies for Pile 2
(Fig. 8), associated with highly abnormal ultrasonic signals.

In the frequency range of 100-250 kHz, we observe significant local reductions in both S
and Sn_norm, along with increases of fi values for both piles. In the case of Pile 1, finax does not
reveal anomalies, whereas for Pile 2, it does indicate anomalies, although with a notable
degree of scatter.

2 &8

Fig. 6. Field photographs of the CSL testing procedure for bored piles
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Fig. 7. CSL results from Pile 1 with an anomaly falling between Classes B and C.
Subplots: (a) Waterfall diagram (full length, 2 ms), (b) FAT overlaying waterfall
diagram, (c) Relative Energy, (d) Spectral waterfall diagram (full frequency range), (e)
Normalized spectral waterfall diagram (full frequency range). Weighted mean
frequency fw and maximum frequency fmax (overlaid on the spectral waterfall diagram)
are calculated for frequency ranges 0-30, 30-100, and 100-250 kHz and displayed in
subplots (f, h, j). Spectrum area S» and normalized spectrum area Sn_norm calculated for
the same frequency ranges are shown in subplots (g, i, k)
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4., Conclusions

In this study, we introduced an alternative frequency-domain approach for analyzing CSL
pile integrity testing results. We proposed new attributes to quantitatively characterize
frequency-domain data, including spectrum area S», normalized spectrum area S norm,
weighted mean frequency fw, and maximum frequency fmax. Additionally, we introduced the
use of spectrum waterfall diagrams to provide a visual means of comparing and analyzing
variations in the frequency content of ultrasonic signals with depth.

The proposed approach was successfully applied to examine CSL data collected from two
bored piles using CHAMP equipment. The frequency-domain analysis provided results
consistent with standard time-domain interpretation. Specifically, we observed a notable
reduction in signal spectra amplitudes for frequencies below 30 kHz and above 90 kHz at
the depth intervals recognized as anomalous in the time-domain analysis. All the spectral
attributes calculated for the 0-30 kHz frequency range exhibited significant decreases at
these intervals. When computed for the frequency range of 100-250 kHz, attributes S, and
Sn_norm Showed substantial reductions, while attribute f displayed an increase at the same
depth intervals.
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The effectiveness of the proposed spectral attributes in identifying anomalous signals was
demonstrated, offering a valuable complement to the basic set of FAT and RE. The
automation of attribute calculation involves straightforward computations and eliminates
the need for interactive operator involvement, thereby avoiding additional data processing
time and reducing the risk of human error. Furthermore, these attributes can serve as
valuable input data for tomographic inversions or signal classification using artificial
neural networks.

Further research and validation efforts are essential to comprehensively assess the
performance of the frequency-domain approach across diverse scenarios. This includes
applying frequency-domain analysis to both numerical simulations and experimental data,
involving testing piles with prefabricated defects of varying sizes, locations, and materials.
Identified limitations are primarily associated with the CSL data collection process,
emphasizing the need for properly selected gain and sampling rates during data
acquisition. Avoiding data clipping and adhering to appropriate sampling rates, following
established guidelines such as those outlined by ASTM D6760, is crucial. While there are
no specific recommendations for equipment modifications, it is noted that CSL equipment
used should have a broad dynamic range, a characteristic shared by most modern CSL
equipment. It is important to acknowledge the potential influence of noise and artifacts on
the calculated attributes, emphasizing the need for a preliminary analysis of frequency
domain data, such as inspecting spectrum waterfall diagrams, to ensure the reliability of
interpretation.

In summary, this study presents a promising approach to enhance CSL data analysis for
detecting defects in bored piles, potentially opening the door to more advanced
applications in the future.
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