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Abstract. Pile foundations are typically comprised in concealed construction work. In recent 
years, some major categories of concrete piles subject to typical damages have caused a lot of 
engineering disasters and accidents. These accidents have been caused by collapse of civil 
structures resulting in great casualties and economic loss. Therefore, damage detection and 
real-time health monitoring on foundation piles is an urgent research requirement. In this research, 
a piezoceramic based passive sensing approach is proposed to detect typical damages types of 
concrete piles, including partial mud intrusion, secondary concrete pouring interface, 
circumferential crack, and full mud intrusion. In this passive sensing approach, induced stress 
waves are generated by the impact hammer on the top surface of a pile and one smart aggregate 
embedded on the bottom of each pile is used as a sensor to receive the propagating wave signals. 
These sensors are embedded before pouring concrete. Structural defects affect the natural 
frequency of the pile. The power spectrum of piles with different types of damage were compared 
by plotting the sensor signals in frequency domain. The natural frequency decreases with the 
increase in defect severity. The experimental results demonstrate that the proposed approach can 
detect all four typical damage types in concrete piles. 
Keywords: foundation piles, damage detection, piezoceramics, smart aggregate, defect severity, 
resonance frequency. 

1. Introduction 

Pile foundation is a concealed civil construction. In recent years, a lot of engineering accidents 
have occurred due to damages in pile foundation. The reasons are multifarious, such as 
construction quality, disturbances caused by nearby construction, shear failure due to horizontal 
force. Four typical damage types of concrete piles are shown in Fig. 1. These damages have caused 
structure failures that have resulted in collapse or incline in buildings, resulting in casualties and 
economic loss. 

Foundation piles, which were designed and constructed to transfer the structural load to the 
foundation, play a very important role for the safety and normal operation of structures worldwide. 
A lot of research has been done to develop efficient and effective techniques to monitor the health 
condition of pile structures. Among them, three major techniques; low strain integrity tensing 
[1-3]; Rauschelet [4] applied high strain dynamic to test integrity of piles and Cross-hole sonic 
logging [5, 6] have been widely applied and developed into the current commercial health 
monitoring technology. Furthermore, some new techniques, such as fiber based and vibration 
based approaches have also been proposed in recent decades to evaluate the damage status of the 
concrete piles. Nishimura [7] employed bending tests and electrical resistance measurements to 
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investigate the function and performance of the self-diagnosis composites embedded in concrete 
piles. Baldwin [8] utilized optical fiber Bragg grating sensors embedded in the filament wound 
composite tube of a loading carrying pile to monitor the health condition for the lifetime of the 
pile. Glisic [9] utilized fiber optic sensors to assess the pile foundation performance during axial 
compression, pullout and flexure test. Matsumoto [10] carried out a one-dimensional stress wave 
analysis of the statnamic test to estimate the static load settlement behavior of the test pile and the 
profile of the soil properties.  

a) b) c) 
 

d) 
Fig. 1. The typical damage types in concrete piles: a) fractured pile, b) cracked pile,  

c) pile with secondary concrete pouring, d) pile with mud intrusion 

Due to their special property of dual capacity to be used as a sensor and an actuator, 
piezoceramic transducers have been researched in damage detection and structural health 
monitoring of concrete structures [11-13]. The piezoelectric material based health monitoring 
method has provided a promising approach for health monitoring of large scale concrete  
structures. Ayres [14] utilized a piezoelectric actuator/sensor to measure the electrical impedance 
and then detect the presence of damage and monitor its progression in concrete structures. 
Although piezoceramic based technique has been applied to various kinds of structures, there are 
very few scientific papers related to concrete pile health monitoring using piezoceramic. Saafi [15] 
utilized an array of piezoelectric transducers to detect the disbonds and delamination of advanced 
composite reinforcement from concrete structures. Quek [16] used the experimental dynamic 
response data obtained from piezoelectric sensors to locate the crack position in the beam. Song 
[17] employed an active sensing network formed by embedding the smart aggregates in the 
concrete piles before casting for the health monitoring purpose. Wang [18] also designed two 
bored piles instrumented with embedded piezoceramic transducers to detect the crack or damage 
condition. The experimental result shows that the amplitude of the wave and the transmission 
energy decreases due to the existence of cracks or damage. However, only active sensing approach 
was utilized in these papers, and only one damage condition (crack) was considered in these 
researches.  

Some research has also been conducted regarding impact testing with piezoelectric  
transducers. Lorenz [19] have designed and calibrated an impact penetrometer using a 
piezoelectric transducer for use on a spacecraft to land on the surface of Titan, one of Saturn’s 
moons. Lee [20] have designed and built an ultra-high precision and high speed piezoelectric 
impact system. The experimental data indicates that this piezoelectric impact hammer has a timing 
accuracy in the range of microseconds and a positioning accuracy in the range of micrometers. 
Tong [21] have designed and fabricated a piezoelectric impact hammer for nondestructive 
evaluation of concrete structures. 

In order to test the feasibility of passive sensing approach with piezoceramic transducers to 
monitor the health of pile concrete structures, use of embedded smart aggregates is proposed in 
this paper. Five concrete pile specimens, including one healthy and four damaged representing 
crack, partial mud intrusion, secondary pouring, and full mud intrusion, were designed, fabricated 
and tested in this research. Each specimen has one smart aggregate embedded at the bottom of 
pile before concrete pouring. The experimental results indicated that the proposed approach can 
detect all four typical damage types in concrete piles. In addition, this approach also provides an 
intelligent system which can provide real-time monitoring of foundation piles when they are 
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impacted by external forces. 

2. Smart aggregate transducers and passive sensing approach 

2.1. Smart aggregate transducers 

Piezoelectric materials exhibit direct and converse piezoelectric effect. When the piezoelectric 
material is subject to a stress or strain, it will generate electric charge, which is called the direct 
piezoelectric effect. The converse piezoelectric effect is the reversed process of applying electric 
field to produce stress or strain. The PZT (Lead Zirconate Titanate) is one of the most commonly 
used piezoelectric materials with a strong piezoelectric effect. Since the PZT material is fragile 
and has many limitations in field applications, a smart aggregate is designed by sandwiching the 
waterproofed PZT with protection materials (Fig. 2). The diameter and the height of the smart 
aggregate is 25 mm and 20 mm respectively. The dimension of the PZT patch is 
15 mm×15 mm×0.2 mm [22]. With the integrated piezoceramic patch, a smart aggregate 
transducer embedded in concrete can function as an actuator to generate a stress wave or as a 
sensor to detect a stress wave. 

a) 
 

b) 
Fig. 2. Smart aggregate: a) a photo of a smart aggregate with a connector, b) schematic structure 

2.2. Passive sensing approach 

Based on the piezoelectric principle, the passive sensing approach can be simply illustrated by 
using one embedded smart aggregate as a sensor. The hammer is connected to a power supply. 
When the hammer impacts the top of the specimen, it generates an induced stress wave, which 
propagates along the pile structure. Simultaneously, one smart aggregate acts as a sensor to detect 
or measure the propagating stress wave. The strength of the received signal from the sensor is 
directly correlated to the conduit continuity of the stress wave propagation path. Therefore, this 
method can be developed to monitor the continuity of the stress wave propagation conduit, which 
in this case can be a concrete pile. 

3. Principle of damage detection of concrete piles 

3.1. Stress wave energy attenuation through damage interfaces 

If a damage exists along the stress wave path, it changes the continuity of the stress wave 
propagation conduit. The received stress wave energy will be attenuated corresponding to different 
damage interfaces encountered. The schematics of stress wave propagation through different 
damage interfaces using embedded smart aggregates to receive signals in concrete piles are shown 
in Fig. 3. In Fig. 3(a), there is no damage along the stress wave path; In Fig. 3(b), the partial mud 
is encountered across the stress wave path; In Fig. 3(c), there is a secondary concrete pouring 
interface across the stress wave path; In Fig. 3(d), there is a crack across the stress wave path; and, 
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In Fig. 3(e), the full mud intrusion behaves like a fractured interface across the stress wave path. 
It can be seen that when the exited stress waves are the same for each case, the smart aggregate 
sensor associated with the case of no damage receives the most energy among all sensors. 
Conversely, the sensor associated with the full mud intrusion reports minimum energy as mud 
layer can absorb most of the stress wave energy. The received energy in other damage interfaces, 
including partial mud intrusion, secondary concrete pouring, and the crack, depends on the actual 
condition of the damage interface, such as location, dimension, shape, and etc. 

 
a) 

 
b) 

 
c) d) 

 
e) 

Fig. 3. Schematics of stress wave propagation through different damage interfaces: a) no damage along  
the stress wave path, b) partial mud across the stress wave path, c) secondary concrete  

pouring interface across the stress wave path, d) crack across the stress wave path,  
e) full mud intrusion like a fractured interface cross the stress wave path 

3.2. Frequency response based damage detection of concrete piles 

The concrete piles can be simplified to an undamped spring-mass vibration system. The natural 
frequency of concrete piles will change when the damage occurs, because the frequency response 
characteristics of concrete piles are decided by their mass, stiffness and boundary conditions. For 
an undamaged pile, it can be simplified to a single freedom mass-spring vibration system as shown 
in Fig. 4(a). The mass of pile is ݉௣, the stiffness of mud is ݇௠. With this vibration module, the 
natural frequency of undamaged pile can be computed as follows: 

߱௡௨ = ඨ݇௠݉௣. (1)

For other four categories of piles with damage i.e. partial mud intrusion, secondary pouring, 
crack, and full mud intrusion, the stiffness ݇ௗ will be lower than normal stiffness attributed to the 
decrease in section area. A damaged pile can be simplified to a two degrees of freedom 
mass-spring vibration system as shown in Fig. 4(b). Since the total mass of pile will be unchanged 
due to damage, a parameter, 0) ݎ < ݎ < 1), is used to denote the ratio of mass of upper block to 
total mass of undamaged pile ݉௣ . Therefore, the mass of ݉ଵ  and ݉ଶ  should be ݉ݎ௣  and  (1 − ሷܠۻ :௣ respectively. Their free vibration equations have the following form݉(ݎ + ܠ۹ = 0, (2)

where: 
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ܠ = ቂݔଵݔଶቃ. ۻ is mass matrix: 

ۻ = ൤݉ݎ௣ 00 (1 − ௣൨݉(ݎ
۹ is stiffness matrix: ۹ = ൤ ݇ௗ −݇ௗ−݇ௗ ݇ௗ + ݇௠൨.
Therefore, the first natural frequency is: 

߱௡ଵଶ = ܽ + ݎܾ − ඥ(ܾଶ + ଶݎ(4ܾܽ − ݎ2ܾܽ + ܽଶ21)ݎ − (ݎ , (3)

where ܽ = ݇ௗ ݉௣⁄  and ܾ = ݇௠ ݉௣⁄ = ߱௡௨ଶ . 
It can be proved that ߱௡ଵଶ < ߱௡௨ଶ . This shows that the first natural frequency of damaged pile 

will be less than that of an undamaged pile. The natural frequency of damaged pile ߱௡ଵ highly 
depends on the actual condition of the damage such as location, size, shape, etc. The location of 
the damage will influence the parameter ݎ i.e. the ratio of mass of upper block to total mass of 
undamaged pile and the size will influence the stiffness ݇ௗ in damaged pile. Therefore, the order 
of the energy values corresponding to three cases may differ depending upon the actual  
condition. Higher stiffness values for ݇ௗ  will result in larger first natural frequency ߱௡  of 
damaged piles. 

 
a) Single-freedom-mass-spring  

vibration module of undamaged pile 

 
b) Two-degree-of-freedom mass-spring  

vibration module 
Fig. 4. Vibration models of five categories of concrete piles 

4. Concrete pile specimens and experimental setup 

This section describes the concrete pile specimens that will be used to demonstrate the smart 
aggregate based passive sensing approach for damage detection. In addition, the experimental 
setup that involves the data acquisition system is also described. 

4.1. Concrete pile specimens 

Fig. 5 shows the schematics of five concrete pile specimens. Please note that one has no 
damage and the other four have different artificially created damages, which involve the partial 
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mud intrusion, the secondary pouring interface, the circumferential crack, and the full mud 
intrusion, respectively. To enable the passive sensing approach, one smart aggregate was 
embedded in each specimen at pre-determined locations. A total of five smart aggregates were 
used. The five smart aggregates were sequentially numbered SA1 to SA5, as shown in Fig. 5. 
Please note that along the path to SA1, there is no damage. However, partial mud exists along the 
path to SA2, a secondary concrete pouring interface exists along the path to SA3, a 
circumferential crack exists along the path to SA4, and a full mud intrusion that is like a 
fractured interface exists along the path to SA5. Fig. 6 depicts the impact hammer. In this 
experiment, it has been used to give an impact force on the top of each specimen. 

 
Fig. 5. Schematics of the concrete pile specimens 

 
Fig. 6. Impact hammer 

Fig. 7. Specimens with one undamaged pile and four 
damaged piles with different damage interfaces 

 
Fig. 8. Experimental setup  
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4.2. Experimental setup 

Fig. 8 shows the experimental setup for the tests. The data acquisition system associated with 
a laptop is used to receive signal from sensors. The sampling rate of the data acquisition system 
is 1 MHz. The technical specifications of the data acquisition system are provided in Table 1. 

Table 1. The technical specifications of the data acquisition system 
Low pass cutoff frequency Sampling rate Time interval Power supply 

1 MHz 1 MHz 1 s 28 V 

5. Experimental results 

5.1. Experimental procedures 

The experiments involved five separate tests of five pile specimens with different types of 
damages, as shown in Fig. 5. For each set of tests, five experiments were conducted. First set of 
tests with SA1 as a sensor to detect the wave response were used as a baseline as there is no 
damage on the path to SA1. SA2, SA3, SA4 and SA5 were used to detect the wave response 
through partial mud, secondary pouring interface, circumferential crack and full mud intrusion 
respectively. In all the tests, the excitation signals were made by the impact hammer. In this paper, 
the data measured from the damaged piles was compared to the baseline data from undamaged 
pile. Based on different damage types, different attenuation ratios in each case were obtained. 

5.2. Damage detection  

The signals from five experiments are shown in Figs. 9-13. It can be clearly observed that the 
power spectrum in case of an undamaged pile specimen, as shown in Fig. 9, is higher compared 
to four cases with different damage types, as shown in Figs. 10-13. In addition, the lowest power 
spectrum is obtained in case of full mud intrusion. Thus, it can be concluded that structural defect 
affects the resonance frequency of the pile. Also, the power spectrum of the sensor signal received 
from undamaged pile is the greatest among others and the resonance frequency decreases with the 
increase in defect severity. Lowest values are obtained in full mud intrusion as it behaves as a 
fractured interface in concrete.  

 
Fig. 9. Time domain signal of SA1 and power spectrum associated with undamaged pile specimen 
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Fig. 10. Time domain signal of SA2 and power spectrum associated with partial mud intrusion 

 
Fig. 11. Time domain signal of SA3 and power spectrum associated with secondary pouring interface 

 
Fig. 12. Time domain signal of SA4 and power spectrum associated with circumferential crack 
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Fig. 13. Time domain of SA5 and power spectrum associated with full mud intrusion 

5.3. Power spectrum analysis 

As analyzed in Section 3.2, the first natural frequency ߱௡ଵ of damaged pile will be less than 
that of an undamaged pile ߱௡௨. Also, the masses ݉ଵ and ݉ଶ are equivalent in these experiments. 
Therefore, the stiffness attributed to damage is the only contributing parameter to the natural 
frequency of damaged piles. The descending order of damage caused stiffness for four damaged 
pile is partial mud intrusion, secondary concrete pouring, cracked pile and full mud intrusion. 
Therefore, the descending order of natural frequency for five kinds of piles is undamaged pile, 
partial mud intrusion, secondary concrete pouring, cracked pile and full mud intrusion as shown 
in Fig. 14. 

 
Fig. 14. Resonance frequencies of the five piles 

Fig. 15 shows the power spectrum indices of the sensor signal received from the five tests. It 
is clear that the frequency index associated with the case of undamaged pile reports the highest 
value. Further, the index values are in descending order for partial mud intrusion, secondary 
concrete pouring, circumferential crack, and full mud intrusion reporting the lowest value. It can 
be seen that the natural frequency decreases with the increase of defect severity which can be 
utilized to detect the different damage interfaces from concrete piles. Thus, the experimental 
results closely match the theoretical calculations. 
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5.4. Discussion – comparison to the energy based active sensing approach 

Fig. 15 shows the energy indices associated with different damage interfaces from the five 
concrete pile specimens. It can be clearly visualized that the order from highest value to lowest 
value carries from undamaged pile to the one with full mud intrusion. Stress wave attenuation 
ratio also increases from an intact pile to full mud intrusion. Thus, the results of power 
spectrum analysis are in good agreement with the ones using wavelet packet based energy 
analysis. 

 
Fig. 15. Energy indices for five experiments  

The inception of writing the paper on Damage Detection of Concrete Piles using Piezoceramic 
based Passive Sensing was an effort of Mr. Feng and Dr. Song. Mr. Feng and Dr. Kong conducted 
the literature survey. Mr. Feng and Dr. Xiao under guidance Dr. Song and Dr. Kong proposed the 
passive sensing method. Mr. Feng, Dr. Xiao, Mr. Liang and Dr. Kong made contributions to 
experimental studies. Dr. Kong, Dr. Xiao, Mr. Feng, and Mr. Liang wrote different parts of the 
paper. Dr. Kong and Dr. Song proofread the manuscript. 

6. Conclusion 

The proposed piezoceramic based passive sensing approach was experimentally demonstrated 
to be a feasible approach for damage detection and distinction of the concrete piles subject to 
typical damage. Structural defects affect the resonance frequency of the pile as resonance 
frequency decreases with the increase in defect severity. In the time domain analysis utilizing the 
power spectrum, the resonance frequency of the investigated piles was obtained in the descending 
order with undamaged pile, pile with partial mud intrusion, pile with secondary concrete pouring, 
cracked pile and fractured pile with full mud intrusion with the lowest value. The results show 
good agreement with the signal energy values using wavelet packet based energy analysis and 
energy indices. In the future application of health monitoring, embedded smart aggregates can be 
used to monitor in real-time the health status of foundation piles when they are impacted by 
external forces during both building construction and operations. 
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