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ABSTRACT: The objective of this study is to investigate the applicability of non-destructive evaluation methods for pile integrity tests 
based on mechanical, electromagnetic, and thermal approaches. Four model concrete piles were prepared for the field tests: one pile 
with a soil intrusion layer, one pile with necking defects, one pile with an internal defect inside a steel cage, and one intact pile. Cross-
hole sonic logging (CSL), electromagnetic wave logging (EWL), and thermal integrity profiling (TIP) were performed on these model 
piles, each exhibiting distinct defect characteristics. Access tubes, transmission lines, and thermocouples were installed in the piles to 
perform CSL, EWL, and TIP, respectively. The CSL tests were conducted after 7 days of curing, whereas the EWL tests were conducted 
on days 1, 2, 3, 7, and 28 of the curing period. The TIP test results were recorded continuously at 90-min intervals for the first two 
days. The test results indicated that each method effectively identified the specific types of defects. CSL showed strength in detecting 
the internal defect within the steel cage, as the velocity of the ultrasonic waves through the defect was significantly reduced. EWL was 
sensitive to necking defects and soil intrusion, and the reflected signals from the EWL tests revealed changes in the reflection coefficient 
and wave velocity compared with the signals from the intact pile. TIP was effective for identifying temperature anomalies caused by 
soil intrusion layers or necking defects during the early curing stages. However, the reliability of TIP diminished once the concrete 
hydration reaction concluded and the temperature stabilized. This study demonstrates that the pile integrity can be effectively evaluated 
by applying the most suitable method based on the type of defect. 
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1 INTRODUCTION 

Bored piles are increasingly used in practice as the construction 
of tall buildings continues to grow (Lee et al., 2023). Compared 
with precast piles, bored piles generate less noise and vibration 
during their installation. However, various defects may occur 
during construction owing to factors such as borehole collapse, 
groundwater inflow, poor concrete quality, and the 
displacement or floating of reinforcement cages.  

The common types of defects in bored piles include soil 
intrusion, necking, internal voids, bulging, and cracks (Loseva 
et al., 2022). Soil intrusion refers to the unintended ingress of 
soil into a borehole during or after construction, resulting in 
heterogeneous layers within the pile. Necking reduces the 
concrete cover around a steel cage, thereby increasing the risk 
of corrosion and concentrating stress (Yu et al., 2020). Internal 
voids are typically caused by inadequate concrete placement or 
improper tremie operation. These defects can significantly 
reduce the bearing capacity of a pile and its structural integrity, 
potentially leading to severe damage to human life and 
substantial social loss. Therefore, a precise integrity evaluation 
of bored piles is essential. 

The purpose of this study is to examine the effectiveness 
of nondestructive techniques in evaluating the structural 
integrity of bored piles. Three techniques based on mechanical, 
electromagnetic, and thermal approaches are applied to model 
concrete piles with different defect characteristics. The 
acquired signals and data are analyzed, and appropriate 
methods are proposed based on the type of defect. 

2 PILE INTEGRITY TESTS 

2.1 Cross-hole sonic logging 

Cross-hole sonic logging (CSL) operates by transmitting 
ultrasonic pulses from a source probe to a receiver probe, with 

both probes lowered from the top of separate, parallel access 
tubes toward the bottom during the test (ASTM International, 
2016). The arrival time and amplitude of the received signals 
are influenced by the quality of the concrete through which the 
sonic wave travels. In intact, uniform concrete, consistent 
arrival times and adequate signal strength are observed between 
the equidistant probes. However, defects such as soil intrusion 
or internal voids cause delays in wave arrival and attenuation of 
signal strength. Through these signal variations, CSL enables 
the evaluation of the structural integrity of the bored pile, as 
well as the detection of the location and extent of potential 
defects. 

2.2 Electromagnetic wave logging 

Electromagnetic wave logging (EWL) is a method that applies 
time-domain reflectometry to evaluate the integrity of concrete 
structures. A time-domain reflectometer generates an electrical 
pulse on a transmission line comprising two parallel conductors 
(Lee et al., 2024). As the pulse is generated, an electromagnetic 
field perpendicular to the traveling direction is formed around 
the conductor that serves as a waveguide to induce 
electromagnetic waves. The amplitude of the reflected signal 
changes when an impedance mismatch occurs. Therefore, the 
discontinuous surface or the two interfaces in which the 
materials are different can be estimated. In this study, a 
transmission line is constructed by attaching electrical wires to 
a main rebar. Defects located near the rebar induce changes in 
impedance and generate reflected signals. These reflections can 
be effectively used to estimate the defects in bored piles. 

2.3 Thermal integrity profiling 

Thermal integrity profiling (TIP) monitors temperature 
variations in concrete throughout the curing stages of the piles 
(Sun et al., 2021). Sensors that can capture temperature, such as 
PT-100 or thermometer, are embedded along the main rebar. 
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Defects within concrete cause localized temperature deviations 
from the anticipated thermal profile (Xiao et al., 2015). 
Specifically, a localized temperature drop may indicate a 
reduction in the pile diameter or the intrusion of soil. 
Conversely, a localized temperature increase may imply the 
presence of bulging (Sun et al., 2022). 

3 TEST SETUP 

3.1 Model piles 

 A cross-sectional view of the model pile used in the field test 
is shown in Figure 1. Each model pile had a length of 3000 mm 
and a diameter of 1200 mm. Ten main rebars with a diameter of 
29 mm were arranged in each pile, and stirrups with a diameter 
of 16 mm were placed at 200 mm intervals. Four model piles 
were constructed in a square layout with a spacing of 1000 mm 
between adjacent piles.  

Sensors for integrity evaluation tests were installed in each 
steel cage. For CSL testing, four access tubes with a diameter 
of 56 mm were installed inside the steel cage, and the tubes 
were filled with water after concrete placement to minimize 
ultrasonic wave attenuation. For EWL testing, transmission 
lines were constructed using 3000 mm long electrical wires (KS 
C IEC 60227-5(42)) with a diameter of 2.6 mm. The wires were 
radially installed along five of the ten main rebars. For TIP 
testing, K-type thermocouples were embedded along the inner 
side of the same five main rebars. Nine thermocouples were 
installed on each rebar at 300 mm intervals.  

 
Figure 1. Cross-sectional view of model concrete pile with embedded 
sensors.  

3.2 Simulation of various defect types 

To verify the effectiveness of the evaluation methods, three 
model piles—Pile A, Pile B, and Pile C—with different defect 
types and one intact pile—Pile D—were constructed. Figure 2 
shows a schematic of the three defective piles. In Pile A, the 
soil intrusion was simulated at a height of 2000 mm from the 
pile toe. During concrete placement, casting was temporarily 
halted and soil from the borehole was intentionally introduced. 
The maximum height of soil intrusion was approximately 600 
mm. The necking defects were simulated in Pile B, in which 
two artificial defects, each 1 m in length, were created near the 
main rebar. Artificial defects were filled with void and sand, 
respectively. An internal defect was simulated in Pile C. A 
styrofoam block with a length of 500 mm, width of 400 mm, 
and height of 500 mm was placed at the center of the steel cage, 
located 700 mm above the pile base.  

4 RESULTS AND ANALYSIS 

4.1 Cross-hole sonic logging 

The CSL tests were conducted after 7 days of curing. Because 
four access tubes were installed in each model pile, six signal 
paths were measured. Source and receiver probes were 
simultaneously lowered at a constant speed from the pile head  

 
Figure 2. Schematics of model concrete piles with various types of 
defects, including soil intrusion (Pile A), necking defects (Pile B), and 
an internal defect (Pile C). Note that unit is in mm. 

 
(a) (b) 

(c) (d) 

Figure 3. Ultrasonic arrival time profiles obtained from cross-hole 
sonic logging tests on four different model concrete piles: (a) Pile A; (b) 
Pile B; (c) Pile C; (d) Pile D. 

to the pile toe within the access tubes. Along the 3000 mm 
length of the model pile, arrival times were recorded at 100 mm 
intervals, resulting in 30 measurement points per path. 
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Figure 3 shows the arrival time profiles of the ultrasonic 
waves obtained from the CSL tests conducted on the four model 
piles. In all profiles, each pair of opposing access tubes was 
used as the source and receiver, allowing the ultrasonic waves 
to propagate through the center of the pile. The distance 
between the tubes was 970 mm. In Pile A, in which soil 
intrusion was simulated, noticeable changes in the arrival time 
were observed between depths of 500 and 1000 mm from the 
pile head. Owing to the inclined configuration of the soil 
intrusion, the arrival times significantly increased to 0.398 and 
0.378 ms at depths of 800 and 900 mm, respectively. The 
ultrasonic wave velocities at these depths were calculated to be 
2439 and 2566 m/s, respectively. In the case of Pile B that 
contained the simulated necking defects, the arrival time profile 
appeared uniform and similar to that of intact Pile D. The 
obtained arrival times ranged 0.249–0.255 ms, corresponding 
to wave velocities of 3804–3894 m/s. This was because the CSL 
test measured the ultrasonic wave transmission through the 
inside of the steel cage, making it less sensitive to defects 
located outside the main rebar. In the case of Pile C, in which 
an internal defect was simulated by embedding an artificial 
block at the center of the model pile, a significant increase in 
the arrival time of 0.3065 ms was observed between the depths 
of 1800 and 2300 mm from the pile head. This matched the 
velocity of 3166 m/s, indicating a clear delay compared with 
the intact pile. The depth range corresponded exactly to the 
location of the embedded defect. The results indicated that the 
CSL test could detect internal defects with high accuracy and 
precision, even when the defect area was relatively small. 

4.2 Electromagnetic wave logging 

The EWL tests were conducted on days 1, 2, 3, 7, and 28 of the 
curing period. Measurements were performed using a time-
domain reflectometer that transmitted an electromagnetic pulse 
with an input voltage of 150 mV and a rise time of 65 ps to the 
transmission line. Because the reflection coefficient and travel 
time of electromagnetic waves vary depending on the material 
surrounding the transmission line, the presence of defects could 
be detected by comparing the signals with those from the intact 
pile. 

The EWL signals obtained at 28 days of curing are 
presented in Figure 4(a). In all the signals, reflections at the 
beginning and end of the pile were clearly detected. In the case 
of the intact pile, the reflection coefficient within the concrete 
remained consistent, ranging 0.14–0.18, with no significant 
increase observed. Pile A exhibited a positive increase in the 
reflection coefficient in the section in which the soil intrusion 
was installed. In this section, the reflection coefficient increased 
by approximately 0.095 compared to that of intact concrete. 
Furthermore, the location of the abnormal reflection coefficient 
corresponded exactly to the depth at which the soil intrusion 
was installed. In the case of Pile B that contained necking 
defects, an increase in the reflection coefficient was observed at 
the necking section. Compared with the intact pile, the 
reflection coefficient increased by 0.147 when the necking was 
filled with void and by 0.089 when filled with sand. 
Additionally, the travel time of the electromagnetic waves 
decreased compared to that of the intact pile. Whereas the travel 
time in the intact pile was estimated as 40.75 ns, it was 
estimated as 47.3 ns in the necking filled with void and 38.99 
ns in the necking filled with sand. In the case of Pile C, that 
contained an internal defect, the acquired signal was nearly 
identical to that of the intact pile, with no noticeable differences 
in the reflection coefficient or travel time. This was attributed 
to the characteristics of the EWL test that detected changes in 
the material surrounding the transmission line.  

 

(a) 

 
(b) 

 
Figure 4. Evaluation results of electromagnetic wave logging: (a) 
measured signals obtained at 28 days of curing; (b) estimated wave 
velocities based on the travel time and length of the electrical wire. 

Based on the obtained signals, the inflection points 
corresponding to the beginning and end of the reflection could 
be determined using the dual tangent method. The travel time 
was defined as the time difference between the two inflection 
points. The velocity of the electromagnetic wave could be 
calculated using the travel time and the known length of the 
electrical wire used as the transmission line. As the 
electromagnetic wave travelled to the end of the transmission 
line and back, wave velocity vp was calculated by dividing twice 
the length of the transmission line by the travel time (Topp et 
al., 1980). Figure 4(b) shows the estimated wave velocities for 
each signal. In the cases of the soil intrusion and internal defect, 
the calculated wave velocities were nearly identical to that of 
the intact pile. However, in the case of the necking defects, the 
wave velocity was significantly different: 1.60  108 m/s for 
necking filled with void and 1.50  108 m/s for necking filled 
with sand, compared with 1.43  108 m/s for the intact pile. The 
velocity of electromagnetic waves is inversely proportional to 
their permittivity (Lee et al., 2025). Therefore, the increased 
wave velocity observed in the model piles with necking defects 
could be attributed to the higher relative permittivity of the 
materials filling the defects compared with that of concrete. 

4.3 Thermal integrity profiling 

The TIP test results were recorded continuously at 90-min 
intervals for the first two days of curing. Figure 5 shows the 
temperature development during the early curing stages for the 
different model piles. In all piles, the temperature increased 
approximately 27 h after curing and then decreased. The 
maximum temperatures were observed in the following order: 
internal defect, necking filled with sand, moderate soil intrusion, 
and severe soil intrusion. The corresponding peak temperatures 
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and times were 55.13 °C at 15 h, 50.45 °C at 24 h, 49.38 °C at 
27 h, and 47.05 °C at 27 h. 

During the curing period, the temperature within a pile 
tends to be higher near the central region of the cross section 
and at mid-depth along the pile length. The results were 
obtained from sensors installed at a depth of 900 mm from the 
pile head in a 3000 mm long pile. Similar trends in temperature 
distribution were observed, depending on the type of the defect. 
Therefore, temperature sensors installed on the main rebar 
could effectively detect the presence of defects during the early 
stages of curing. However, after a sufficient curing time, once 
the hydration process was complete and the concrete gained 
strength, the measured temperatures became similar 
irrespective of the presence of defects. 

  
Figure 5. Temperature development during the early curing stages for 
different model piles.  

5 SUMMARY AND CONCLUSIONS 

In this study, the applicability of three non-destructive 
methods—CSL, EWL, and TIP— was investigated to evaluate 
the integrity of bored piles with different types of defects. Four 
model concrete piles were constructed, including three with 
artificial defects: soil intrusion, necking, and an internal defect. 
Each evaluation method was applied and analyzed based on the 
signals and data acquired. The main observations of this study 
are as follows: 
 CSL was highly effective in detecting soil intrusion and 

internal defects, with significant changes in the arrival time. 
However, it exhibited limited sensitivity to defects outside 
the main rebar, such as necking. 

 EWL effectively identified soil intrusion and necking 
defects by capturing changes in the reflection coefficient 
and wave velocity. In contrast, EWL was less responsive 
to the internal defect because its sensitivity was limited to 
materials near the transmission line. 

 TIP successfully detected defects in the early age 
temperature development related to soil intrusion and 
necking. However, TIP was effective only during the early 
curing stage and became less reliable after the completion 
of hydration. 

 This study demonstrated the need to integrate mechanical, 
electromagnetic, and thermal approaches for accurate 
defect-type detection. 
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