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Abstract. Structural health monitoring (SHM) of concrete structures is necessary because structural safety is directly linked to
life safety. This study proposes a transmission line configuration for SHM based on time domain reflectometry (TDR). For this
purpose, six transmission lines consisting of electrical wires, rebars, and joints were prepared. The TDR waveforms were
measured and analyzed in air and concrete using six transmission lines to select the most suitable configuration. A two-line wire
with joints was selected as the optimal transmission line for SHM because it exhibited the highest sensitivity among the
configurations. Experiments to apply SHM were performed on defective concrete blocks containing an optimal transmission
line. The results showed that the defect locations in concrete were precisely investigated using TDR waveform analysis. The
distances estimated from the TDR waveform were similar to the measured distances for the locations of the defects and joints in
the concrete blocks. This study suggests that a transmission line consisting of two-line wires and joints may be an effective non-

destructive evaluation tool for assessing the structural health of concrete.
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1. Introduction

Concrete has been the most widely used material in
modern construction since Portland cement was invented by
Joseph Aspidin in 1824 (Babor et al. 2009). Concrete is
cheap and strong and can also form complex shapes due to
its flowability before curing (Fowler 1999). Furthermore,
the strength and durability of concrete can be controlled
using various combinations of granular materials, as the
concrete properties depend on the characteristics of the
mixed materials (Armaghani ef al. 1992). These advantages
enable concrete to be used as the primary construction
material in various types of infrastructures, leading to an
increase in the number of concrete structures over time.
However, defects often occur in concrete in the form of
voids, which threaten the safety of structures (Chai et al.
2010). For safety and maintenance reasons, various testing
methods have been developed and suggested for the
evaluation of concrete. As the destructive methods, drilled
core test (ASTM C42 2017) and penetration resistance test
(ASTM C803 2017) have been used to measure the strength
of the cast-in-place concrete. Although destructive methods
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can directly evaluate the material properties of structures,
non-destructive methods are preferred because destructive
methods may affect structural safety.

Structural  health monitoring (SHM), a term
encompassing various integrity test methods, is a non-
destructive method for evaluating structural health using
onboard sensors (Giiemes et al. 2020). Various fields, such
as aerospace, mechanical, and civil engineering, have
employed structural health monitoring for damage
identification (Farrar and Worden 2007, Kim et al. 2023b,
Kong et al. 2021, Liu et al. 2023b, Tacim et al. 2023, Xuan
et al. 2023). Previous studies used elastic or
electromagnetic wave techniques (Kim ef al. 2021b, 2023a,
Yu et al. 2021, Hoang et al. 2022, Liu et al. 2023a). Farrar
et al. (2001) identified structural damage using vibration
methods with accelerometers. Jiao et al. (2016) investigated
the fatigue cracks in metals employing an eddy current
sensor. Structural monitoring has been attempted in civil
engineering using time domain reflectometry (TDR). The
TDR is generally used to evaluate the water content of soil
in geotechnical engineering (Kim et al. 2016, 2021a, Park et
al. 2023). However, only a few studies have employed TDR
as a monitoring technique for particular structures. Lin ef al.
(2009) developed a concrete column involving a TDR
sensor to monitor landslides. Yu et al. (2020b) performed
bridge scour monitoring by observing the changes in TDR
signals. Studies assessing the structural health of concrete
have been conducted employing transmission line sensors.
Lee ef al. (2018) investigated the integrity of concrete piles
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by comparing the electromagnetic wave velocities in
defective and sound concretes. However, transmission line
type sensors have a problem because it is difficult to
identify the size and location of defects in concrete.

An improved transmission line configuration was
suggested to solve this problem. A transmission line
generally comprises two conductors adopted as the signal
and return paths (Lee et al. 2020, Yu et al. 2020a, Lee et al.
2023). In reinforced concrete, a transmission line comprises
rebars, or electrical wires preinstalled in the structure.
Although the integrity of concrete can be assessed
regardless of the combination of the rebar and wire, the
TDR waveform changes with the combination. This change
in the waveform is due to an electromagnetic wave signal
influenced by the characteristic impedance. The
characteristic impedance of the transmission line varies
with its configuration. Based on the impedance change, Lee
et al. (2024b) developed a transmission line containing
artificial joints to identify the defect type and the size and
location of defects in concrete. Artificial joints function as
reference points in TDR waveform but their properties are
also affected by the characteristic impedance. However,
studies on transmission line configurations with artificial
joints are limited.

This study aims to investigate the optimal transmission
line configuration for TDR-based SHM to evaluate concrete
structures. This paper explains the principle and
measurement system of SHM based on TDR. Subsequently,
experiments for the transmission line configuration are
addressed. The properties of the waveform depending on
the transmission line configuration are explained. The
experimental results for SHM are described when applied to
model blocks with an optimal transmission line
configuration. Finally, the SHM results applied to the two
defective blocks are analyzed and discussed.

2. Experimental setup
2.1 Structural health monitoring based on TDR

TDR measures the quantity of electromagnetic waves
reflected along the transmission line (Noborio et al. 1996).
TDR records the reflection coefficient or voltage of the
reflected electromagnetic wave with travel time. The
amplitude of electromagnetic waves depends on the
impedance of the transmission line, whereas the velocity of
electromagnetic waves varies with the dielectric
permittivity (Lee ef al. 2024a). These properties allow
structural health monitoring (SHM) using TDR. Fig. 1
shows an example of a TDR waveform measured in a
concrete structure using a transmission line with an artificial
joint. The X-axis represents time, and the Y-axis shows the
recorded amplitude of the electromagnetic wave. The
amplitude can be expressed as a reflection coefficient (I') or
voltage, and the relationship is as follows

r= (1)
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Fig. 1 Example of TDR waveform in concrete using
transmission line with joint

domain reflectometer (TDR unit), and V; represents the
input voltage generated by the TDR unit. The input voltage
is a constant value determined by the TDR unit, whereas the
output voltage changes with the transmission line
conditions. The transmission line conditions cause a
variation in the characteristic impedance, which is related to
the reflection coefficient as follows

Zy— 2y
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where Z; and Z, denote the characteristic impedances of
media 1 and 2, respectively. Because the amplitude of the
wave changes with the characteristic impedance of the
transmission line, inflections occur at the beginning and end
of the concrete. The joint affects the waveform for the same
reason; it can be used as a reference point to identify the
location corresponding to time. The electromagnetic wave
velocity (v) can be estimated using the time at the inflection
points and the travel distance using the following equation

d

== 3)

v

where d denotes the travel distance, At is the time difference
between the two inflection points. The permittivity and
permeability of medium-propagating electromagnetic waves
determine their wave velocities. In civil engineering, the
magnetic permeability is assumed to be 1, identical to that
in free space (Topp et al. 1980). Therefore, permittivity and
velocity have the following relationships

Cc
Ve “)

where ¢ and & denote the electromagnetic wave velocity in
free space and the relative permittivity of the medium,
respectively. Note that the relative permittivity of air is
approximately 1, and that of concrete is 4 — 10 (Rhebergen
et al. 2002). Thus, the difference in the relative permittivity
enables the use of the TDR-based method to evaluate the
structural health of concrete. Furthermore, the time at the
inflection point of the joint allows location estimation in the
waveform.

v =

2.2 Measurement system

Fig. 2 presents the measurement system for structural
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Fig. 2 Measurement system

health monitoring using TDR. A TDR unit was used to
generate and measure electromagnetic wave signals. The
signals generated by the TDR unit were transmitted through
a coaxial cable (RG-316) to protect the wave signals from
electrical noise. The coaxial cable was connected to a
transmission line consisting of a rebar and a preinstalled
electrical wire. The signals were stacked 256 times to
reduce measurement error, and the input voltage of the
signals was 250 mV. The transmission line monitored the
structural health of the concrete block by analyzing the
electromagnetic wave velocity and signal amplitude.

The transmission line is composed of two conductors:
the signal and return paths. In this study, the six
transmission lines consisted of two electrical wires or one
wire and a rebar. All transmission line (TL) configurations
used in this study are listed in Table 1. TL 1, 2, 3, and 4
consisted of one wire and one rebar, whereas TL 5 and 6
only used electrical wires. All the configurations had an
artificial joint in the middle of the transmission line. For TL
1, a single electrical wire (60227-KS IEC 02) was used for
the signal path and was combined with the rebar used for
the return path. TL 2, 3, and 4 used one line of a two-line
electrical wire (60227-KS IEC, VFF) as the signal path and
employed a rebar as the return path. In the case of TL 5 and
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Fig. 3 Concrete block with six types of embedded
transmission lines

6, two-line electrical wires were employed as transmission
lines that did not require rebars. The TDR waveforms were
measured in air and concrete for all configurations to
evaluate the transmission line characteristics. A concrete
block with six types of embedded transmission lines is
illustrated in Fig. 3. The block was 150 cm long, 40 cm
wide, and 60 cm high. Six D16 rebars were placed in
sufficient space (length, 17 cm; width, 15 cm) to prevent
mutual interference. Electrical wires were attached to the
rebars for the transmission line configuration.

3. Experimental study
3.1 Optimal transmission line verification

3.1.1 Waveform observation in air

Experiments were conducted to determine an optimal
transmission line. Fig. 4 shows the TDR waveforms
measured using different transmission line configurations in
air. In the waveforms, inflections at the beginning and end
of the transmission lines are observed for all the
configurations. The output voltage of waves reflected in air
ranges from 55.29 to 77.50 mV for transmission lines
consisting of one wire with rebar (TL 1, 2, 3, and 4).
Transmission lines consisting of two-line electrical wires
(TL 5 and 6) show a voltage higher than 100 mV, which is
higher than that in a single wire with a rebar. On the other
hand, inflections by joints occur, and in some cases,
inflection is difficult to observe owing to its low amplitude.
The average voltage of TL 1 in the air is 55.29 mV, while
the peak voltage in the inflection caused by the joint is
78.26 mV. For TL 2, the average voltage is approximately
77.53, and the peak voltage of the joint was 91.85. The
voltage difference is attributed to the wire, as the only
distinction between TL 1 and 2 is the wire type used for the
signal path. Therefore, the impedance of a single electrical
wire may be lower than that of a single line separated from
a two-line wire. In the waveform for TL 3, the average and
peak voltages are 73.21 mV and 83.77 mV, respectively.
However, the inflection caused by the joint is difficult to
distinguish in the waveform. The change in the waveform is
insensitive due to the properties of the connector employed
as the joint in TL 3. The waveform of TL 4 presented an
average voltage of 66.95 mV. In contrast, TL 4 used a
coaxial cable as an artificial joint, resulting in a lower
voltage than the average. Thus, instead of the peak voltage,
a trough voltage of approximately 53.34 mV is observed in
the inflection caused by the joint. TL 5 which uses a two-

Table 1 Configurations of transmission line with joint

Configuration Signal path Return path Joint
TL 1 60227-KS IEC 02 Rebar single-line wire connector
TL2 60227-KS IEC, VFF Rebar single-line wire connector
TL 3 60227-KS IEC, VFF Rebar Tube type connector
TL 4 60227-KS IEC, VFF Rebar Coaxial cable (RG58)
TL 5 60227-KS IEC, VFF 60227-KS IEC, VFF Two-line wire connector
TL 6 60227-KS IEC, VFF 60227-KS IEC, VFF 2 x single-line wire connector
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Fig. 4 TDR waveform of transmission lines in air: (a) TL 1; (b) TL 2; (c) TL 3; (d) TL 4; (e) TL 5; (f) TL 6
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Fig. 5 TDR waveform of transmission lines in concrete block: (a) TL 1; (b) TL 2; (¢c) TL 3; (d) TL 4; (e¢) TL 5; (f) TL 6

line electrical wire as the signal and return path, has a
higher average voltage (102.77 mV) than that of TL 1 — 4.
The peak voltage in the inflection by the joint is
approximately 110.82 mV. TL 6 shows an average voltage
similar to that of TL 5 because of the same path
configuration. The average voltage is 102.21 mV, whereas
the peak voltage is 112.68 mV.

3.1.2 Waveform observation in concrete

Experiments were conducted to observe the waveform
characteristics of the concrete. All the transmission lines
were embedded in the concrete block (see Fig. 3), and the
TDR waveforms were measured after 28 days of curing
period. Fig. 5 shows the TDR waveforms in the concrete for
the transmission lines. Similar to the waveforms in air, the
beginning and end of the concrete can be identified by
inflections in the waveforms. For the transmission lines
combining the wire and rebar (TL 1, 2, 3, and 4), the

inflections at the beginning of the concrete show a sharp
shape in the waveforms. Furthermore, the average voltages
in the concrete are almost 0 mV, which is lower than those
measured in air. In the case of the two-line wire type (TL 5
and 6), the inflections at the beginning of the concrete are
blunt compared to those of the single wire with rebar (TL 1,
2, 3, and 4). The average voltage of TL 1 in the concrete
shows the lowest value among the transmission lines,
approximately -18.79 mV, while the peak voltage in
inflection by joint is 3.37 mV. This is because the
transmission line consists of a single wire with a rebar and
has a lower impedance than the other transmission lines.
For the waveform of TL 2, The average and peak voltages
are 5.51 and 8.35 mV, respectively. In the waveform of TL
3, the average voltage is 0.67 mV, and the peak voltage is
4.05 mV. The inflection by the joint is difficult to discern
because of its low amplitude and slow response. Because
TL 4 uses a coaxial cable type artificial joint, a trough
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Fig. 7 Two different concrete blocks involving transmission line with joint:
(a) case 1: joint located defect region; (b) case 2: joint located sound region

inflection is observed in the waveform. The average voltage
in concrete is 7.38 mV; the trough voltage is -5.57 mV. For
waveforms measured by TL 5 and 6, the average voltages
are 53.31 and 53.41 mV, while the peak voltages are 63.82
and 66.05 mV. The artificial joint employed in TL 5 shows a
high amplitude in a short travel time, indicating a fast
response. However, after inflection by the joint, the time to
converge to the average voltage is gradual and slow in the
waveform of TL 6.

3.1.3 Sensitivity evaluation

The characteristics of transmission lines vary with the
type of artificial joint and the condition of the signal and
return paths. Although the characteristic impedance of a
transmission line is an important factor, it is difficult to
determine because it is affected by the surrounding
material. According to a previous study, the inflection at a
joint enables an indirect investigation of the transmission
line properties (Lee et al. 2024b). The amplitude of
electromagnetic waves attenuates with the propagation
distance (Barrow 1936). Thus, observing the joint in the
waveform is a reasonable method for selecting the most
suitable transmission line configuration. In this section,
quantitative comparisons are performed by analyzing the
TDR waveforms. For quantitative analysis, we suggest the
“Sensitivity” related to the rise and fall time of inflections
and amplitude. The amplitude (A¥) and time interval (Aty)
at the inflection point of the joint (see Fig. 1) are defined as
follows

AV = Vpeak - Vsteady ®)

The sensitivity of the transmission line can be defined
by the values computed using Eqgs. (5) and (6), as follows

_ AV [V, _ (Vpeak - Vsteady) Ly
Aty /tr Vi (tz = t1)

(M

where Vi is the input voltage (250 mV). #r is the time
difference between fy and #;, the travel time in the
transmission line. Thus, the sensitivity of the transmission
line, depending on the configuration, is quantitatively
computed.

Fig. 6 shows the sensitivity of the transmission lines
with different configurations. When the transmission lines
are in the air, the sensitivity of TL 1 shows the highest value
(0.74), whereas it decreases to 0.19 in concrete. Because TL
1 consists of a rebar and a single electrical wire with a small
cross-sectional area, the influence of the surrounding
material may be greater than that of TL 2 and 3. For TL 2
and 3, the sensitivities in air are 0.62 and 0.37, respectively,
which decrease to 0.15 and 0.13 in concrete. In contrast, TL
4, which employs a coaxial cable as a joint, is shown to be
less affected by the surrounding medium, owing to a small
decrease in sensitivity from 0.45 in air to 0.35 in concrete.
Two-wire type transmission lines, TL 5 and TL 6 exhibit
high sensitivity to both air and concrete. For TL 5, the
sensitivities in air and concrete are 0.65 and 0.41,
respectively. The sensitivities of TL 6 are 0.57 in air and
0.27 in concrete. In this study, TL 5 is selected as the
optimal transmission line configuration because the
sensitivity in concrete is more critical than that in air.

3.2 Model test for application

3.2.1 Defective concrete model

Defective concrete blocks were prepared to evaluate the
applicability of the optimal transmission line configuration
(TL 5). Two different concrete blocks involving a
transmission line with joints are shown in Fig. 7. Two
concrete blocks were used to simulate the defect regions
containing the joints. The cross-sectional area of concrete
blocks was 0.2 m X 0.2 m. For case 1 (Fig. 7(a)), the length
of the concrete block was 2.0 m; the transmission line
involved two artificial joints positioned at 0.67 and 1.33 m.
One artificial joint was exposed to air because the void
(defect region) was located from 0.8 to 1.5 m of the
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Fig. 8 TDR waveform measured in concrete block using transmission line with joint: (a) case 1; (b) case 2

concrete block. For case 2 (Fig. 7(b)), the concrete block
was 3.0 m long and equally divided into three sections. Two
artificial joints were installed at 0.5 and 2.5 m in each
concrete section, while the void section didn’t contain a
joint. The TDR waveforms were measured for each
concrete block.

3.2.2 Waveform observation
The TDR waveforms measured in the concrete blocks
are presented in Fig. 8. The beginning and end of the
concrete are observed in the waveforms. Fig. 8(a) shows the
TDR waveform for Case 1, one of the joints located in the
void. The joint located at 0.67 m occurs inflection, which is
detected in the waveform, whereas the second joint at 1.33
m is shrouded in inflection by void defect. In contrast, the
TDR waveform for Case 2 (Fig. 8(b)) presents inflections
caused by the joints and void defect. The inflection by the
second joint located at 2.5 m exhibits a lower amplitude
than that of the first joint owing to the attenuation of the
electromagnetic waves. Electromagnetic waves exponentially
attenuate with propagation distance, as follows (Kwak et al.
2016)
E, =E;-e % ®)

where E; and E; represent the amplitudes at distance L and
the initial amplitude, respectively. ¢ denotes the attenuation
factor, a function of the conductivity and permittivity
(Dalton et al. 1984). «is calculated to be 0.15 based on the
amplitude of the joints. The sensitivity of the joint decreases
from 0.82 at the first to 0.26 at the second.

3.2.3 Simulate analysis of waveform

Assuming that the waveforms were acquired in the
construction field, they were analyzed to identify the
defects occurring in concrete structures. From the
waveforms, the locations of the joints and the time between
inflection points allow us to compute the electromagnetic
wave velocity. The electromagnetic wave velocity is about
1.51 — 1.52 x 10® m/s in concrete, while the wave velocity
in air (void) is approximately 1.96 X 10® m/s. Based on the
wave velocity in the concrete and air, the locations of the
defects are estimated using the time between the inflection
points. For case 1, the location of the joint is computed at
0.63 m from the beginning of the concrete. The defect is
estimated to range from 0.81 m to 1.55 m. For case 2, the
locations of joints are estimated to be 0.51 m and 2.46 m.
The void defect is evaluated to range from 0.98 m to 2.01
m. Fig. 9 presents a comparison between the estimated and
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Fig. 9 Comparison between estimated distance and
measured distance

measured distance of joint and defect from reference points.
The measured distances are slightly larger than the
estimated distances; however, the regression analysis shows
a linear relationship with a determinant coefficient of
0.9996. Therefore, SHM based on TDR can be used to
evaluate structural defects using an appropriate transmission
line configuration.

4. Conclusions

This study investigated the optimal transmission line
configuration for TDR-based SHM to evaluate concrete
structures. Six different transmission lines were configured
using rebars, electrical wires, and artificial joints. The TDR
waveforms for the configured transmission lines were
observed and analyzed in air and concrete. The optimal
transmission line was selected using a sensitivity analysis.
To evaluate the suitability of SHM, two defective concrete
blocks involving the optimal transmission line were
prepared. SHM was performed on the defective concrete
blocks. The defect locations and sizes were estimated and
compared with the measured values. The conclusions of this
study are as follows:

+ The sensitivity of transmission lines varies with the
configuration owing to the transmission line's
characteristic ~ impedance. Transmission lines
consisting of two-line wires were evaluated as better
sensors than those configured with rebar and single
wires.

+ Joints and defects occurring in the concrete were
observed in the TDR waveform. However, the
sensitivity decreased with distance owing to
attenuation. The attenuation of the electromagnetic
waves was computed using the attenuation equation
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and wave amplitude at the joints.

* The defect locations in concrete were precisely
investigated using TDR waveform analysis. The
estimated distances were similar to the measured
distances for the locations of the defects and joints in
the concrete blocks.

* Further studies are required to focus on the spacing
and influence range of transmission lines. A
transmission line consisting of two-line wires and
joints could then serve as a robust, non-destructive
evaluation tool for assessing the structural health of
concrete.
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