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A new signal processing method called complex continuous wavelet transform (CCWT) is introduced in this paper to localize pile
damage because it clearly reveals inherent characteristics of response signals. In this method, CCWT is first performed on the
response signal to obtain the wavelet coefficient matrix. +e resultant coefficients are then employed to calculate phase angles at
different frequency bands with an aim of pile damage localization. However, the CCWT method is only demonstrated via
laboratory tests on pile specimens, and its application on actual piles has not been examined. Moreover, various factors such as
pile-soil interaction need to be considered when the CCWTmethod is applied on actual piles. To address these issues, a numerical
example of 3D finite element pile model followed by a parameter analysis and an experimental verification on an actual pile are
investigated. +e results demonstrate that the CCWT method is capable of localizing pile damage under different damage
scenarios. However, there are still some interference points in the grayscale images of phase angles and the reduction of in-
terference points needs to be addressed by mutual verification with other pile damage detection methods and
engineering experience.

1. Introduction

Pile integrity assessment has provided a promising approach
for pile quality control. In recent years, various methods,
e.g., pulse-echo, transient dynamic response, vibration, and
bending wave, have been proposed for pile integrity as-
sessment [1–5]. +ese methods can be classified into two
categories: static and dynamic approaches [6]. However,
static pile testing is time-consuming and inconvenient since
a large amount of surcharge load equipment is needed [7].
By contrast, dynamic pile testing including low strain testing
(LST) and high strain testing (HST) has been widely ac-
cepted for pile quality assessment due to its reliability [8, 9].
In particular, LST works well on pile quality assessment
because of its low cost, easy operation, flexibility, and minor
damage to pile body [8]. For example, Hou et al. [10] used

LST to identify the pile defects with different damage types
and positions. Zheng et al. [11] proposed an analytical
method to localize damage of a thin-walled pipe pile based
on LST, in which the coupling of the pile and viscoelastic soil
vibrations are considered. Up to now, the LST methods,
including sonic echo (SE) and impulse response (IR) ap-
proaches, have been developed rapidly for damage locali-
zation on a basis of one-dimensional wave theory [12, 13].
+e principle of the SE method is to determine the position
of impedance change by calculating the time difference
between the incident wave and reflected wave. +at is to say,
the reflected wave will be generated in the damaged section
and the damage can be localized according to the computing
of the time difference if the cross-section decreases at a
certain distance below the pile head sharply. However, the
amplitude change of the reflected wave caused by pile defects
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is often concealed by the incident wave; hence, the damage
positions of the pile cannot be estimated well by using the
amplitude information alone. By contrast, the phase in-
formation is more sensitive to damage position, and signal
processing methods such as continuous wavelet transform
(CWT) can be used to localize pile damage due to its ad-
vantage on phase information extraction. For example, Xu
et al. [14] introduced the synchrosqueezing wavelet trans-
formation (SWT) to identify the reflection time of the re-
sponse signal from the pile bottom and eliminate noise as
well, leading to an enhancement of the accuracy of pile
damage localization. Ni et al. [15, 16] used the CWT to
perform a series of nondestructive tests on piles, but the
minor damage of the pile embedded in soil was not ex-
perimentally examined. +e complex continuous wavelet
transform (CCWT) was also employed to estimate the
lengths and damage positions of piles by extracting phase
angles [12]. However, the CCWT-based damage localization
method is only demonstrated via laboratory tests on pile
specimens and its application on actual piles has not been
investigated yet. Moreover, the effectiveness and accuracy of
the CCWTmethod on pile damage localization are affected
by various factors such as soil-pile interaction, noise in-
tensity, damage extent, and damage position [17]. +us, it is
essential to perform a parameter analysis to investigate the
relationship between the damage localization results and the
factors mentioned above.

In this paper, CCWT is first introduced to extract the
phase information from the response signals. +en, the
extracted phase information is used to establish phase an-
gles, by which the phase angle turning points are highlighted
and then the specific damage position of the pile body is
localized. A numerical example of a concrete pile and a test
of an actual pile installed in soil are carried out to illustrate
the proposed method. +e results demonstrate that the
method can localize pile damage effectively. A parameter
analysis is also performed to investigate the influence of
damage position on the accuracy of pile localization, and the
results show that the accuracy of damage localization in-
creases when the damage approaches the middle of the pile
body. In addition, the error is possible to increase tre-
mendously if the distance between the damage position and
the pile head is less than a quarter of the pile length. +e
contributions of this paper is stated as follows: (1) Since the
pile damage localization based on CCWT is only demon-
strated via laboratory tests and its application on actual piles
has not been verified, the CCWT is applied on an actual pile
to demonstrate its effectiveness and accuracy. (2) A pa-
rameter analysis is performed to investigate the impact of
damage position on the accuracy of the CCWT method.

+e rest of this paper is organized as follows. +e
methodologies, including LSTand CCWT, and the principle
of pile damage localization are presented in Section 2. A
numerical example and a parameter analysis are performed
in Section 3 to verify the accuracy and effectiveness of the
CCWT-based pile damage localization method, while an
experimental verification on an actual pile is investigated in
Section 4. Conclusions are drawn in Section 5.

2. Methodology

2.1. Low Strain Testing. LST as a dominant nondestructive
testing method is based on one-dimensional elastic theory. In
LST, an impulse load is applied on the top of a pile and the
resultant response signals are measured by the sensors pre-
installed on the pile head. Normally, the incident wave is
generated at the pile head and then spreads along the pile with
the form of stress wave. +e stress wave would be reflected
when it arrives at the damaged position or the bottom of the
pile. +us, the acceleration response signal measured at the
pile head could be a superposition of the incident wave, the
reflected wave and random noises. For a better interpretation,
the measured acceleration response signal can be converted to
velocity signal, which also provides a great amount of in-
formation for pile damage localization. After that, the pile
integrity assessment can be realized by an analysis of the
amplitude and phase feature hidden in the response signal.

Assume that the pile is a one-dimensional elastic rod as
shown in Figure 1. In this model, L, A, E, and ρ represent
length, cross-sectional area, Young’s modulus, and mass
density, respectively. c is the wave propagation velocity and
can be solved by c2 � E/ρ.

+e stress equilibrium equation in the direction of x is
established as equation (1) if an arbitrary element dx is taken
as an object to be analyzed:

σxA − σx +
zσx

zx
dx􏼠 􏼡A � −ρAdx

z2u

zt2
, (1)

where u, t, and σx represent the displacement, time, and
section stress, respectively.

+en, the stress-strain relationship (σx � E(zu/zx),
(zσx/zx) � E(z2u/zx2), and c2 � E/ρ) is substituted into
equation (1), leading to the one-dimensional wave propa-
gation equation expressed as follows [14]:

c
2z

2u

zx2 −
z2u

zt2
� 0. (2)

It should be noted that the change of the cross-section
area (A) is possible to cause the variance of the wave im-
pedance (Z). Assuming that the impedance changes from Z1
(intact section) to Z2 (damaged section), the relationship
between the particle velocity of the reflected wave vr and that
of the incident wave vi can be expressed as follows:

vr �
Z1 − Z2

Z1 + Z2
􏼠 􏼡vi, (3)

where Z1 � ρcA1 and Z2 � ρcA2. A1 and A2 represent the
cross-section areas of the intact section and damaged sec-
tion, respectively.

2.2. Complex Continuous Wavelet Transform. CWT is an
advanced method for time-frequency analysis with adjustable
windows at various time instances [18]. It allows the selection
of a longer or shorter time interval when more precise low-
frequency or high-frequency information is needed. Owing to
that the complex wavelet parent function is sensitive to phase
information, CCWT was utilized by Ni et al. [12] to reveal
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phase angles in the time-frequency representation of response
signals measured on the pile head. It is noted that the selection
of parent wavelet function has a significant impact on time-
frequency representations. Fortunately, the complex Gaussian
wavelet is appropriate for tracking local features of nonsta-
tionary signals since it has an excellent time-frequency
concentration. In addition, complex Gaussian wavelet
transform was used by Ni et al. to perform CCWTand had a
success on damage localization of both simulated and ex-
perimental piles [12]. +us, the complex Gaussian function is
selected as parent wavelet function in this paper and its
mathematical expression is shown as follows:

ψ(t) � Cpe
t2

e
−jt

, (4)

where Cp is the scaling parameter and ψ(t)(p) is the p-th
derivative of ψ(t).

If ψ is a given square-integrable parent complex wavelet
function and satisfies the admissibility condition, the CCWT
of an arbitrary signal s(t) can be defined as

Ws(a, b) � 􏽚
+∞

−∞
s(t)

1
��
a

√ ψ
t − b

a
􏼠 􏼡dt, (5)

where a and b are the scale factor and the dilation factor,
respectively. ψ((t − b)/a) represents the complex conjugate
of ψ((t − b)/a).

On the basis of equation (5), the instantaneous phase
angle ϕ(a, b) of Ws(a, b) is calculated as

ϕ(a, b) � arctan
WI(a, b)

WR(a, b)
􏼠 􏼡, (6)

where WI(a, b) and WR(a, b) represent the imaginary part
and the real part of Ws(a, b), respectively.

2.3. Pile Damage Localization Based on CCWT. +e CCWT-
based pile damage localization method is presented here,
and the flowchart of it is shown in Figure 2. In this method,

the CCWT is performed on the measured response signal at
first and the resultant phase angles of the wavelet coefficients
are solved according to equation (6). By mapping these
phase angles into the time-frequency plane, the phase angle
curve exhibits a set of equidistant lines in the time-frequency
plane when the material of the pile body is uniform and
undamaged. By contrast, there will be an appearance of
“crossing points” when the pile is damaged. However, the
crossing points can be recognized as phase angle turning
points only when the energy related to the crossing point
exists [19]. Otherwise, they are recognized as fake points.
After the phase angle turning points are found, the time
difference between the phase angle turning point and the pile
head, denoted as Δtn, is calculated. +en, the distance from
the damage position to the pile head, expressed as Ln, is
computed using the following equation [12]:

Ln �
1
2

× c × Δtn. (7)

3. Numerical Example

3.1. Simulation of a Concrete Pile with Pile-Soil Interaction.
+e 3D finite element (FE) model of a pile as shown in
Figure 3 was developed using ABAQUS [20]. +e materials
of pile body and soil are concrete and clay, whose prop-
erties are presented in Table 1. +e length of the concrete
pile is 20m, of which 18m is buried into soil, while the
diameter of the pile is 1m. Due to the material of the pile
body being homogeneous and its slenderness ratio being
far greater than 5, the one-dimensional wave propagation
theory is appropriate to be used for pile integrity assess-
ment. +e surrounding soil is 5 times the diameter of the
pile, which is large enough to ignore the influence of the
waves reflected from the far-field boundary [15, 21, 22]. In
this model, face-to-face contact is adopted to simulate the
relationship between the pile and soil. Actually, two kinds
of contact behaviors, including tangential behavior and
normal behavior, are considered. +e friction coefficient of
tangential behavior is set to be 0.3, while the normal be-
havior is defined as hard touching. To be specific, the
horizontal displacement of the soil is restrained and the
bottom of the soil is completely consolidated. By contrast,
the horizontal displacement of the pile body is restrained
and the vertical displacement of the pile body is free. For
simplicity, the damage type of the pile body is defined as
necking, with the diameter of the necking section set as
0.95m. +at is to say, the damage degree of the necking
segment is 10%. +e damaged segment is 0.5m high and
located at 9∼9.5m from the top of the pile.

Before the dynamic analysis, the gravity loads of the pile
and soil are both considered and applied to the simulated
model. +en, an impulsive load of 5 kN is applied to the
center point of the pile head (Node 30 in Figure 3) and the
duration is 0.1ms. +e time interval is set to be 0.2ms, and
the total duration of time is defined as 20ms. +us, the
velocity response signal of the reflected wave near the center
point of the pile top (Node 543) is obtained by implicit
dynamic analysis and shown in Figure 4.

L

dx

x

x

0

Figure 1: One-dimensional elastic rod.
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3.2. Pile Damage Localization. With the complex Gaussian
wavelet selected as parent wavelet function, the CCWT is
performed on the solved velocity response signal shown in

Figure 4 and the resultant wavelet scalogram is plotted in
Figure 5.

+e phase angle is calculated by using equation (6) and
then mapped into the time-frequency plane. +e resultant
grayscale of the phase angles is shown in Figure 6, with white
color denoting 180 degree (π) of the phase angle and black
color indicating −180 degree (−π) of the phase angle, re-
spectively. According to the energy-concentrating areas
displayed in Figure 5, the frequency band is limited in the
range from 200Hz to 2000Hz and the time range is re-
stricted in the scope of 0.6ms to 11.1ms. On the basis of the
determination of the time range and frequency band, a
specific area as shown in Figure 6 is defined for the searching
of phase angle turning points. It can be seen from Figure 6
that there are three crossing points (Points 1, 2, and 3), with
their corresponding frequencies being 810Hz, 1174Hz ,and
600Hz, respectively. In addition, there is another point
(Point 4) corresponding to 0.6ms in Figure 6. Point 4 in-
dicates the time instance when the incident wave reaches the
top of the pile. To further validate these three crossing
points, the time-phase angle curves at the specific fre-
quencies of 810Hz, 1174Hz, and 600Hz are calculated and
displayed in Figures 7–9, respectively. As shown in Figure 7,
the time instance at 4.85ms is exactly a phase angle turning
point and the time duration between Point 4 and Point 1,
denoted as Δt1, is 4.25ms (4.85− 0.6� 4.25ms). Similarly,
the time durations between Point 4 and Points 2 and 3 are
7.18ms and 7.62ms, respectively. Since the wave propaga-
tion velocity is 3953m/s by solving c �

���
E/ρ

􏽰
, the distance

between the damaged positions and the pile head (L1, L2, and
L3) is calculated to be 8.40m, 14.19m, and 15.06m by using
equation (7). Compared with the actual damage position
(9m from the top of the pile model), Point 1 is the real phase
angle turning point and the damage localization result
(L1 � 8.40m) has a relative error of 6.67%.

3.3. Parameter Analysis. In Section 3.2, only a case of single
damage position at 9m from the top of the pile is performed.
In order to study the influence of damage position on

Step 5: localize pile damage using equation (7) 

Step 3: map phase angles into the time-frequency plane and find the crossing points

Step 2: obtain phase angles of wavelet coefficients by CCWT

Step 1: select complex Gaussian function as parent wavelet function

Step 4: determine the time difference ∆tn according to the phase angle turning points 

Original response signals

Stop

Figure 2: Flowchart of pile damage localization.

54330

Figure 3: FE model of the damaged pile (purple and grey indicate
the pile body and soil, respectively).

Table 1: Material properties of the pile and soil.

Properties Concrete pile Soil
Young’s modulus 3.75×104MPa 6.0MPa
Poisson’s ratio 0.167 0.4
Density 2400 kg/m3 1750 kg/m3

Friction angle — 20°
Cohesion yield stress — 25 kPa
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Figure 4: Velocity response signal.
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damage localization results, 12 damage scenarios, expressed
as DS1∼DS12, are designed and detailed in Table 2. Al-
though there are various damage types of pile body, only
necking of section segments is considered in this paper
because of simplicity.

+e damage localization results at DS1∼DS12 are shown
in Table 3. As illustrated in Table 3, the proposed CCWT
method successfully detects the damage positions of the pile
body under various damage scenarios mentioned above, and
the relative errors fall in the range of 6.67% to 14.33%.
Moreover, the relative error becomes smaller when the
damage position approaches themiddle of the pile body, e.g.,

DS6∼DS8. However, the accuracy of the damage localization
results has a dramatic decrease when the damage position
approaches the top of the pile, especially when the distance
between the damage position and the pile head is less than a
quarter of the pile length. +e main reason for this phe-
nomenon is addressed as follows. +e stress wave signal
obtained at the pile head is usually an amplitude-modulated
and frequency modulated signal and its amplitude/energy is
large because of the incident wave excited by a hammer at
the top of the pile. +erefore, the phase information which
indicates the damage located at the vicinity of the pile head is
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Figure 5: Wavelet scalogram of the velocity response signal.
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Figure 6: Grayscale images of phase angles.
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Figure 7: Time-phase angle curve with the frequency of 810Hz.
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masked by the oversize energy and the accuracy of pile
damage localization is affected [23].

4. Experimental Verification

4.1. Introduction of an Actual Pile. In order to verify the
application of the proposed damage localization method on
actual piles, a LST of a real full-scale pile in Nanping City,
Fujian Province of China, is performed. +e pile is a cir-
cular reinforced concrete pile with a diameter of 2m and a
length of 19.8m.+erefore, the length-diameter ratio of the
pile is 9.4, which satisfies the premise of one-dimensional
wave theory. Before the test, the damage position of the pile

was confirmed 8m away from the pile head by using the
ultrasonic emission method, which is also taken as the
theoretical result for comparison. +e rig of this LST is
shown in Figure 10. +e response signal is excited by a
hammer at the top and then measured by using an ICP
accelerometer with a sensitivity of 19.8mV/m/s2. +e data
acquisition system used here is a pile integrity tester (PIT)
manufactured by the Pile Dynamics Inc Company in the
USA (http://www.pile.com). +e time interval of the
measured acceleration response is 22.2 μs; that is to say, the
sampling frequency is around 45 kHz. By integrating the
collected acceleration data, the velocity curve is obtained
and shown in Figure 11.
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Figure 9: Time-phase angle curve with the frequency of 600Hz.

Table 2: Damage scenarios of the simulated pile.

Damage scenarios +eoretical damage position Types of damage Diameter of damaged section (m) Types of incentives
DS1 3m from pile top Necking 0.95 Impulse
DS2 4m from pile top Necking 0.95 Impulse
DS3 5m from pile top Necking 0.95 Impulse
DS4 6m from pile top Necking 0.95 Impulse
DS5 7m from pile top Necking 0.95 Impulse
DS6 8m from pile top Necking 0.95 Impulse
DS7 9m from pile top Necking 0.95 Impulse
DS8 12m from pile top Necking 0.95 Impulse
DS9 15m from pile top Necking 0.95 Impulse
DS10 16m from pile top Necking 0.95 Impulse
DS11 17m from pile top Necking 0.95 Impulse
DS12 18m from pile top Necking 0.95 Impulse

Table 3: Damage localization results under different damage scenarios.

Damage scenarios +eoretical damage position Damage localization result Relative error (%) Number of fake crossing points
DS1 3m from pile top 2.57m from pile top 14.33 4
DS2 4m from pile top 3.44m from pile top 14 4
DS3 5m from pile top 4.35m from pile top 13 3
DS4 6m from pile top 5.53m from pile top 7.83 3
DS5 7m from pile top 6.51m from pile top 7 2
DS6 8m from pile top 7.45m from pile top 6.88 2
DS7 9m from pile top 8.40m from pile top 6.67 2
DS8 12m from pile top 11.07m from pile top 7.75 2
DS9 15m from pile top 13.83m from pile top 7.8 3
DS10 16m from pile top 14.63m from pile top 8.6 3
DS11 17m from pile top 15.42m from pile top 9.30 3
DS12 18m from pile top 16.31m from pile top 9.39 3
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4.2. Damage Localization. +e CWT is applied to the ve-
locity signal shown in Figure 11, and the resultant wavelet
scalogram is plotted in Figure 12. It can be seen from
Figure 12 that the energy in the range of 200Hz to 1600Hz is
denser/brighter than that in other frequency bands. +us,
the main frequency range to be analyzed can be set between
200Hz and 1600Hz. In addition, there are two energy-
concentrating points at 2ms and 12ms in Figure 12, which
represents the time instance when the incident wave and
reflected wave reach the top of the pile, respectively. Hence,
the time-frequency analysis is suggested to be strictly re-
stricted in the ranges of 200Hz to 1600Hz and 2ms to 12ms,
which is also defined as a specific area with a name of ABCD.

Similar to the damage localization process in Section 3.2,
CCWT with complex Gaussian wavelet as parent wavelet is
used to calculate the phase angles and shown in Figure 13. As
seen in Figure 13, there are three crossing points in the
specific area of ABCD and the corresponding frequencies are
440Hz, 968Hz, and 418Hz, respectively. In addition, there
is another point corresponding to 2ms, which is denoted as
Point 8 in Figure 13. Point 8 indicates the time instance
when the incident wave reaches the top of the pile. +e three
time-phase angle curves at the specific frequencies of 440Hz,
968Hz, and 418Hz are displayed in Figures 14–16, re-
spectively. As shown in Figure 14, the time instance at 6.5ms
is exactly a phase angle turning point and the time duration
between Point 8 and Point 5, denoted as Δt1, is 4.5ms
(6.5− 2� 4.5ms). Similarly, the time durations between

Point 8 and Points 6 and 7 are 4.8ms and 8.8ms, respec-
tively. Owing to the wave propagation velocity calculated as
c� 3900m/s based on Young’s modulus and the density of
concrete, the corresponding distances from the damaged
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Figure 10: Setup of the LST.
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Figure 11: Velocity response signal.
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points to the top of the pile are computed to be 8.78m,
9.36m, and 17.16m, respectively. +e previous damage
localization results using the ultrasonic emission method
indicate that the actual damage position is 8m from the pile
head, which confirms that Point 5 is the real phase angle
turning point. +e relative error between the damage lo-
calization results using the proposed method and the ul-
trasonic emission method is 9.75%. By contrast, Points 6 and
7 can be judged as interference points and the reduction and
even elimination of interference points need to be further
investigated. A possible way is the mutual verification by
comprehensive consideration of other pile damage detection
methods and engineering experience.

5. Conclusions

CCWT is introduced in this paper to localize pile damage.
Compared with the traditional damage detection method, the
CCWTmethod highlights the phase information of response
signals and has the potential to localize the positions of minor
damage in the pile body. +e two main contributions of this
paper are as follows: (1) +e application of the proposed
damage localization method on an actual pile is verified. (2) A
parameter analysis is performed to investigate the impact of
the damage position on the accuracy of pile localization. To
verify the accuracy and effectiveness of the CCWT-based pile
damage localization method, a numerical example of the 3D
finite element pile model and an experimental verification on
an actual pile are investigated. +e results demonstrate that
the CCWT method is capable of localizing both simulated
piles and actual piles; however, there are still some inter-
ference points in the grayscale images of phase angles. A
possible way to address this issue is the mutual verification by
comprehensive consideration of other pile damage detection
methods and engineering experience. +e results of param-
eter analysis show that the accuracy of damage localization
increases when the damage approaches the middle of the pile
body. In addition, the error is possible to increase tremen-
dously when the distance between the damage position and
the pile head is less than a quarter of the pile length.
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