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A Novel TDR-Based Coaxial Cable Sensor for
Crack/Strain Sensing in Reinforced

Concrete Structures

Shishuang Sun, Member, IEEE, David J. Pommerenke, Senior Member, IEEE, James L. Drewniak, Fellow, IEEE,
Genda Chen, Liang Xue, Member, IEEE, Michael A. Brower, and Marina Y. Koledintseva, Senior Member, IEEE

Abstract—Novel coaxial cable sensors that feature high sensitiv-
ity and high spatial resolution are developed for health monitoring
of concrete structures using a time-domain reflectometry (TDR).
The new sensor was designed based on the topology change of
its outer conductor, which was fabricated with tightly wrapped
commercial tin-plated steel spiral covered with solder. The cracks
that developed within concrete structures will lead to out-of-
contact of local steel spirals. This topology change results in a large
impedance discontinuity that can be measured with a TDR. A
simplified equivalent transmission line model and numerical full-
wave simulations using finite-difference time-domain techniques
were used to optimize the sensor design. The sensors under test
demonstrated high sensitivity and the capability of multiple-crack
detection. A plasma-sprayed coating technique was employed to
improve sensor uniformity. Engineering implementation issues,
e.g., signal loss, signal postprocessing, and sensor design optimiza-
tion, were also addressed.

Index Terms—Coaxial cable, crack/strain sensor, plasma spray,
sensitivity, signal loss, spatial resolution, time-domain reflectome-
try (TDR).

I. INTRODUCTION

RACK detection is one of the primary concerns in health
monitoring of civil infrastructures, because cracks may
lead to structural degradation. This condition happens due to
reinforcement corrosion that is associated with the leakage
of water and chloride through cracks. The National Research
Board reported that nearly 20% of the bridge structures in the
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1995 National Bridge Inventory database were classified as
structurally deficient [1].

Traditionally, tens or hundreds of discrete sensors, e.g., strain
gauges, accelerometers, and others, are used in the health mon-
itoring of complex civil infrastructures with a vibration-based
technique [2], [3]. The cost of sensors and associated wiring,
data acquisition, data storage system, and data postprocessing
are often significant. Therefore, it is imperative to develop
low-cost distributed sensors for damage detection. There are
two emerging candidates: 1) a coaxial cable sensor that uses
the electrical time-domain reflectometry (TDR) technology and
2) a fiber-optic sensor. A good review of a variety of fiber-
optic sensors can be found in [4]. There are several different
types of distributed fiber optic sensors [5]-[9]. They share some
common features such as geometrical adaptability, very long
measurement distance, and high measurement accuracy. The
disadvantages are that the fiber-optic measurement instruments
are usually very expensive, whereas these sensors are only ap-
plicable to quasistatic measurements, and the spatial resolution
and sensitivity are comparatively low. Herein, the sensitivity is
defined as the smallest crack that a sensor can detect, and the
spatial resolution is defined as the minimum distance between
two adjacent cracks that can be resolved by a crack sensor. The
distributed fiber-optic sensors are good candidates for measur-
ing a slowly varying strain over a long distance. In contrast,
coaxial cable sensors with TDR technology feature high spatial
resolution, high sensitivity, less expensive instruments, and
a real-time measurement capability. Previously, coaxial cable
sensors were designed based on the cross-sectional change of a
coaxial cable, which resulted in a low sensitivity for structural
applications, because the impedance of a coaxial cable is not
very sensitive to the cross-sectional change [10]-[12]. How-
ever, these sensors still demonstrate better sensitivity than fiber-
optic sensors. Another disadvantage of coaxial cable sensors is
that the useful length of cable sensors is limited, because the
sensitivity and spatial resolution of coaxial cable sensors reduce
with the length of cable sensors due to signal loss [13].

One innovative design was proposed to significantly enhance
the sensitivity of cable sensors. In this design, the topology
(or electrical structure) of a coaxial cable is modified. The outer
conductor of the sensor was fabricated with a tightly wrapped
commercial tin-plated steel spiral that is covered with solder.
The separation of local steel spiral, which results from the
cracks that were developed in concrete structures, leads to a
large discontinuity that can easily be detected with a TDR.

0018-9456/$25.00 © 2009 IEEE
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Fig. 1. Crack sensor prototype. (a) Schematic illustration. (b) Photo of a cut-
away sensor.
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Fig. 2. Schematic illustration of the current flow path with the presence of a
separation between adjacent spirals.

In Section II, the sensor prototype, mechanism, and numerical
simulations are briefly reviewed. In Section III, the performance
of the sensor is demonstrated with experimental measurements.
In Section IV, the plasma-sprayed coating technique that aims
at sensor automatic fabrication is discussed. In Section V,
several engineering implementation issues, e.g., the influence
of signal loss on the sensitivity and spatial resolution, sensor
design optimization, and signal processing techniques, were
addressed. Conclusions are given in Section VI.

II. CABLE SENSOR MECHANISM

One prototype of the crack sensor is schematically illustrated
in Fig. 1(a), and a photo of a cut-away sensor is shown in
Fig. 1(b). The sensor consists of four components: 1) an inner
conductor; 2) a dielectric layer; 3) an outer conductor fabricated
with tightly wrapped stainless steel spiral; and 4) a thin solder
cover. The stainless steel spiral is tin plated and commercially
available. One key factor in the fabrication of this topology-
change-based sensor is to ensure that any two adjacent spirals
are electrically connected but will easily separate under me-
chanical loading.

A. Underlying Physics and a Simplified Transmission
Line Model

The presence of a partial or complete separation between
adjacent spirals in the outer shield of the cable sensor changes
the return current flow path on the outer conductor, as illustrated
in Fig. 2. This condition results in an added series inductance.
This discontinuity causes a portion of an incident wave to reflect
back [14]. One simplified equivalent transmission line model is
shown in Fig. 3.
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Fig. 3. Equivalent transmission line model of a coaxial cable sensor with a
separation between spirals.
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Fig. 4. Waveform of reflection coefficient according to (1).

The relationship between the reflection coefficient at the
source end and the added series equivalent inductance L_gap
can be derived according to the transmission line theory [14].
When the sensor is excited with a step pulse with a transition
duration ¢,., the reflection coefficient at the source end I's can be
derived as (1), shown at the bottom of the page [15]. Here, u(t)
is a unit-step function, Zo is the characteristic impedance of
the cable sensor, and L_gap is the added inductance associated
with a gap between adjacent spirals. The wave traveling time
from the source to the discontinuity, i.e., a spiral separation, is
tq. The corresponding waveform is shown in Fig. 4. The wave-
form rapidly rises in a time interval ¢, and then exponentially
attenuates. The decaying time constantis 7 = L_gap/2Z,. The
reflection coefficient is a function of the added inductance, the
characteristic impedance of the cable sensor, and the transition
duration of the step pulse. The maximum reflection coefficient
occurs at a time instant ¢t = 2¢; + ¢,- and is

L_gap

Iy(t = t=2t +1,.
[ ( )]max tr . 2Z0 d+
2

As indicated in (2), the maximum reflection coefficient of the
sensor is inversely proportional to the characteristic impedance
of the sensor.

The value of the added inductance L_gap can be determined
with TDR waveforms obtained from either simulations or mea-
surements as [15], [16]

. [1_6*(2Zo/L_gap)-t7} ,

47 x A
L = — 3
—gap 7 3)
where A is the area underneath a pulse, which is the integration
of the pulse over time, and V, is the peak voltage of the step

pulse launched with the TDR.

1, <t<2ty

0,
Ls(?) :{ L_gap [1_67(2Zo/L_gap)-(t*2td)] cu(t—2tg) — [1_67(2Zo/L_gap)-(tf2trtr)] . u(t—?td—tr)} . t>2ty ey

t-2Z0
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Fig. 5. Meshed FDTD model of a coaxial cable sensor. (a) Side view.
(b) Two-dimensional cross-sectional view.
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TABLE 1
SPIRAL WRAPPED COAXIAL CABLE SENSORS
Sensor | Inner conductor | Outer conductor | Spiral width | Characteristic
diameter diameter impedance
I 2.8 mm 3.5 mm 3.0 mm 93Q
11 2.8 mm 3.5 mm 5.0 mm 93Q

B. Numerical Simulations

Crack cable sensors were numerically simulated to in-
vestigate their response and sensitivity with a commercial
finite-difference time-domain (FDTD) full-wave numerical
electromagnetic tool. Snapshots of the FDTD models of a
sensor are shown in Fig. 5. The inner conductor of the cable
sensor was modeled as a round metallic cylinder. For the outer
conductor, thin helix wires were accumulated to form tightly
wrapped steel spirals. By removing a portion of several helix
wires, a small gap can be created to represent a partial separa-
tion of spirals caused by the strain/cracks applied on a sensor.
The sensor was excited with a coaxial port, which launches a
Gaussian pulse with 6-GHz bandwidth for 3-dB attenuation.
The port impedance is the same as that of the sensors, which
is 9.3 Q. The voltage waveform that was monitored at the port
was integrated over time to obtain TDR waveforms.

Two cable sensor models were simulated. The dimensions
and characteristic impedance of the two cable sensors are
summarized in Table I. The sensor diameters and the spiral
widths were determined based on the commercially available
materials. The main difference of the two sensors is their spiral
width. Any crack is characterized by the spiral width of sepa-
ration and the length of separation, as illustrated in Fig. 5(a).

Spiral Separation Length [turn]

Fig. 7. Peak values of the reflection coefficient with increasing length of spiral
separation.

In the simulations of both sensors, variable length and width
of spiral separation were used. Herein, the length of separation
is expressed with a decimal number of turns. For example,
the value of 0.2 turns indicates that the spiral separation is
20% of one complete turn. Fig. 6 shows the simulated TDR
waveforms of Sensor I with a fixed separation width of 0.2 mm
and different separation lengths from 0.2 to 2 turns, with an in-
crement of 0.2 turns. Fig. 7 illustrates the relationship between
the peak values of the reflection coefficient and the length of
the spiral separation. According to the figure, the peak values
of the reflection coefficient exponentially increase with the
separation length when it is less than 0.6 turns. When the length
of spiral separation is from 0.6 to 1.4 turns, which is the most
likely range for actual crack developing, the peak values of the
reflection coefficient increase almost linearly with respect to the
length of a spiral separation. Fig. 8 shows that the peak values
of the reflection coefficient linearly increase with the increasing
width of the spiral separation from 0.2 to 1 mm when the
length of spiral separation is fixed (0.6 turns for both sensors).
Note that, for an actual crack developing, the width and length
of a spiral separation simultaneously increase. To simplify
simulations, only one parameter—either the width or the length
of spiral separation—is a variable for each set of simulations.

Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on September 18, 2009 at 11:40 from IEEE Xplore. Restrictions apply.
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Fig. 8. Peak values of the reflection coefficient with increasing width of spiral
separation.

A 0.2-mm crack width was chosen to start with in the
simulations. The reasons for this setup are given as follows.
First, the minimum crack width visible to the naked eye is in
the range of 0.1-0.2 mm [17]. Second, in the modeling, the
cable sensors in the crack region were meshed into cubicle cells
of 0.05 x 0.05 x 0.05 mm, whereas a finer mesh leads to a
significant demand on computational resources. Both sensors
show strong TDR signals (approximately 0.065 in terms of
reflection coefficient) with a minimum eye-visible crack width
of 0.2 mm and a crack length of 0.6 turns; thus, this instance
indicates that the proposed sensors can detect eye-invisible
cracks (less than 0.2 mm), and the sensitivity of proposed
sensors is much better than that of the other types of sensors
mentioned in the Section I. It should be also mentioned that
the full-wave FDTD tool has a limited capability of simulating
sensitivity difference between two sensors in terms of the crack
width. Thus, the sensitivity is further related to the maximum
peak values of TDR signals. With a given crack width and
length, a sensor with a higher reflection coefficient means that
it has higher sensitivity. In this sense, Figs. 7 and 8 show that
Sensor I has better sensitivity than Sensor II. One of the reasons
is that Sensor I was made of a narrower (3-mm-wide) spiral
than Sensor II, which results in a larger angle between the
spiral separation and the axis of the sensor. This instance, in
turn, causes a greater disturbance of the return current on the
spiral-formed outer conductor. Under these circumstances, a
greater added inductance is expected. Another reason is that the
width and length of the spiral separation are directly associated
with the crack width. When the crack is sufficiently wide,
multiple turns of a spiral separation may present. For the same
crack width, a sensor made of a narrower spiral may have
a bigger spiral separation than the sensor made of a wider
spiral, because it has a higher turn density per unit length.
The higher value of spiral separation corresponds to a larger
value of the added inductance and causes an increased reflection
coefficient. Therefore, the sensor that is made of a 3-mm-wide
spiral is expected to perform better. For both sensors under
investigation, the reflection coefficient is plotted as a function of
the added inductance, as shown in Fig. 9. The added inductance
is evaluated using (3).
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Fig. 11. Photo of the specimen.

III. EXPERIMENTAL TEST

The performance of the proposed cable sensors was exper-
imentally demonstrated and investigated for small-scale rein-
forced concrete beams under dynamic loading.

Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on September 18, 2009 at 11:40 from IEEE Xplore. Restrictions apply.
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A. Test Specimen and Measurement Setup

The reinforced concrete column under test was designed as
a 1/5 scale of a protocol column. Fig. 10 shows the geometry
of the specimen and the measurement setup. One image of the
specimen is presented in Fig. 11. The specimen consisted of
a footing, a column, and a mass of concrete on the top of the
column. The column was 114.3 cm in height and 20.3 cm X
20.3 cm in cross section. One 90-cm-long cable sensor was
mounted near the surface of one face of the column. A cubical
concrete block of 76.2 cm X 76.2 cm X 76.2 cm was cast on top
of the column to simulate the superstructure mass of a bridge
structure. The bottom half of the column was wrapped with
a one-ply fiber-reinforced polymer (FRP) sheet. The footing
was fixed on the unidirectional MTS shaking table, which was
excited with the modified 1940 EI Centro Earthquake ground
motions. Fig. 12(a) shows the acceleration of the specimen
(concrete block) during one test.

B. Sensor Performance

The sensor performance is assessed in terms of the crack lo-
calization and spatial resolution. A real-time TDR measurement
setup was built for this test [18]. This instrument setup was set
to allow 40 TDR signals acquisitions per second (with a 25-ms
interval). As illustrated in Fig. 12(b), five TDR waveforms that
were recorded within a half cycle of the acceleration waveform,
which are denoted as P1, P2, P3, P4, and P5, were intentionally
chosen, because the specimen was subjected to the maximum
range of stress—from tension to compression. Accordingly, the
crack sensor was subjected to a crack opening from maximum
to zero.

Fig. 13 shows the measurement results, which convey not
only the correlation between the measurement results and the
crack pattern on the column but also the TDR signal evolvement
with respect to the decreasing acceleration of the specimen.
The six peaks of the TDR waveforms correlate well with the
locations of all cracks observed on the column. This instance
indicates that the sensor successfully identified all the cracks
on the column. The spatial resolution of the sensor is approx-
imately 5 cm. The spatial resolution can be improved. The
signal loss that was introduced by the measurement setup, i.e.,
connecting cables, circuit network used for facilitating real-
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Acceleration of the specimen (concrete block) during one test. (a) One complete acceleration waveform. (b) Waveform zoom-in and TDR acquisition
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Fig. 13.  Five TDR waveforms measured within a half cycle of the acceleration
and a photo of the crack pattern on the column.

time measurements, is nonnegligible, but it can be reduced
by optimizing the real-time TDR measurement system. Note
that the cracks beneath the FRP sheet were actually hidden.
Their presence was confirmed after the completion of the tests
by peeling off the FRP sheet. The experiments show that the
sensor can detect both surface and hidden cracks. According
to the figure, the peak values at all crack locations generally
decrease with a decreasing acceleration of the specimen. A
larger crack can be expected at a higher acceleration of the spec-
imen. Because of the dynamic nature of the excitation, it was
impossible to measure the crack widths at these time instants.
More investigations on the relation between the crack width and
TDR waveform change will be addressed in Section IV.

IV. AUTOMATIC FABRICATION BASED ON THE
PLASMA-SPRAY TECHNIQUE

The hand-soldered sensors demonstrated unavoidable non-
uniformity and suffered from inconsistency of the performance
due to its hand-made nature [19], [20]. To address these issues,
a plasma-sprayed coating technology was employed instead of
hand soldering to leverage sensor fabrication.

Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on September 18, 2009 at 11:40 from IEEE Xplore. Restrictions apply.
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Fig. 14. Photo of a crack-controlled measurement setup.

A. Implementation of Plasma-Sprayed Coating

The plasma-spray process is widely applied in the production
of high-quality sprayed coatings [21]. The stainless steel spiral
and the coating layer deposited on its surface form together an
outer conductor of a sensor. A copper-based metallic powder
was chosen because of its high conductivity and low cost.
To have a good bonding between the coating layer and the
substrate, the coating material needs to be in compression
upon cooling. This condition requires the thermal expansion
coefficient of the coating material to be less than that of
the steel spiral. With the aforementioned requirements, sev-
eral commercially available coating materials were tested. A
pure copper (MetCo 55) was selected because of its overall
performance. The powders were sprayed using a combination
of primarily argon gas and small additions of hydrogen gas.
During the spray process, additional cooling control was needed
to avoid excessive oxidization of the coated metal material. The
spray process was fine tuned to optimize the sensor coating in
terms of the coating uniformity, coating adhesion to the steel
spiral, and the electrical performance of the coated sensors. The
sensors coated with a pure copper powder under the optimized
process parameters were used in the laboratory-controlled
measurements. With the plasma-spray coating technique, the
machine-sprayed sensors demonstrated less than 0.010 reflec-
tion coefficient variations. As a comparison, the hand-soldered
sensors typically have more than 0.050 reflection coefficient
variation. The spray technique also provides mass production
capability.

B. Performance of Coated Sensors

A controlled crack test was performed to further investigate
the sensitivity of spray coating sensors and the correlation
between the crack width and the reflection coefficient peak
values. For this test, only one crack was introduced to the
beam under test, and the crack width was gradually increased.
Five sprayed sensors were individually grouted into 50-cm-long
beams with cross sections of 6.4 cm X 7.6 cm. As shown in
Fig. 14, the beam was simply supported at both ends and was
tested under a concentrated load applied at midspan (three-point
loading tests) using a car jack at 15-1b intervals. The crack width
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Fig. 16. TDR waveforms changes with respect to the crack width.

was measured with a Peak CS-100 Crackscope. A HP86100
oscilloscope with a TDR plug-in module was used to measure
the sensor TDR response.

Five test specimens were designated with BF1 to BFS5. The
TDR waveforms measured from all beams had a clear peak
that corresponds to the crack at the midspan of the beam. A
set of the TDR reflected signals measured from the specimen
BF4 at various loads are shown in Fig. 15. A 0.399-mm-
wide crack suddenly appeared at a certain load level, and then,
the crack width increased as the load level increased. The
TDR waveforms captured this crack development, as shown in
Fig. 15. Fig. 16 shows the peak values of the TDR waveforms
versus the crack width for test specimens BF1-BF5. The initial
crack that developed on specimen BF3 is 0.05 mm wide, which
causes a reflection coefficient of 0.032. The initial crack widths
for other three specimens are in the range of 0.4-0.6 mm.
The sensors under test showed a sensitivity of detecting a
0.05-mm-wide crack. A test setup for better crack width control
is under development to further test the sensitivity limit of
the proposed sensors. The correlation between the crack width
and the reflection coefficient for all five sensors under test are
approximately linear within the range of tested crack widths.
However, the sensitivity of the four plasma-sprayed sensors

Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on September 18, 2009 at 11:40 from IEEE Xplore. Restrictions apply.
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varies in a considerable large range, which indicates that the
consistency of coated sensors still needs further improvement.
There are some possible reasons for the inconsistency. First,
the bonding between the coating material and the spiral may
vary from one sensor to another. Second, the bonding effect
between concrete beams and sensors needs to be considered in
the measurements or simulations, because, with the same crack
width shown on the surfaces of different beams, the resulting
spiral separation widths of sensors within corresponding beams
may vary.

V. ENGINEERING IMPLICATIONS

One critical implementation issue of coaxial cable sensors
is the increasing signal loss as the length of cable sensors
increases. The signal loss attenuates the signal magnitude and
broadens the signal waveforms; thus, the sensitivity and spa-
tial resolution of a distributed cable sensor are compromised.
The primary factors that contribute to signal loss are the skin
effect of the conductor, the dielectric loss, and the impedance
mismatch loss due to discontinuities caused by the separation
between the adjacent spirals. In this section, experiments and
numerical simulations are combined to quantify individual loss
components and their impact on the performance of the sensor.
Design guidelines are given to reduce the signal loss and
optimize the sensor design.

A. Signal-Loss Characterization

Two 1-m-long sensor prototypes were fabricated to quantify
the contribution of each loss components, and a 1-m-long
RG400 coaxial cable was used as a reference. The outer
conductor of one sensor was made of a tin-plated stainless-
steel spiral, and for the other sensor, the outer conductor was
made of a gold-plated steel spiral. The thickness of the gold
plating on the spiral was 0.025 mm. Two sensor prototypes
were fabricated using a RG400 coaxial cable. The original outer
conductor of a RG400 cable was peeled off, and then, a steel
spiral or a gold-plated steel spiral was wrapped to the remaining
inner conductor and the dielectric layer. The original outer con-
ductor of the RG400 coaxial cable was made of double-shielded
and braided silver-plated copper wires. Two cable sensors and
the reference 1-m-long RG400 coaxial cable have the same
type of inner conductor and dielectric insulation layer, and
the only difference is the outer conductor; thus, the dielectric
losses for three cable/sensors are the same. Thus, the skin-
effect loss from outer conductors with different materials, e.g.,
a steel spiral, a gold-plated spiral, and a braided silver-plated
copper wire (reference), can be quantified. The S3; of the two
cable sensors and the reference RG400 cable were measured
using a HP8753D vector network analyzer. Fig. 17 shows the
magnitudes of Sy as a function of frequency. According to
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Fig. 18. Impulse responses of two 1-m-long sensors and the 1-m-long refer-
ence cable.

the figure, the gold-plated spiral substantially reduces the skin-
effect loss at high frequencies compared with the steel spiral
sensor. Impulse responses were obtained by transforming the
So1 parameters into the time domain. As shown in Fig. 18,
signal loss increases both the transition duration ¢, and de-
cay time ty of the signals and reduces the amplitude of the
signal compared to the original impulse. Herein, a concept of
peak loss is introduced, and defined as in (4), shown at the
bottom of the page.

According to Fig. 18, the total peak loss of the reference
cable, the gold-plated spiral sensor, and the steel spiral sensor
are calculated as 9%, 17%, and 21%, respectively. The contri-
butions of the skin effect and the dielectric loss, as well as the
impedance mismatch loss, to the total peak loss are derived in
the following sections.

Peak loss =

Original signal magnitude — Attenuated signal magnitude

x 100% “

Original signal magnitude
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Fig. 19. Conductor and dielectric losses of the 1-m-long reference cable.

1) Dielectric Loss: The dielectric layer between inner and
outer conductors contributes to the signal loss. When the signal
travels along the cable, a portion of the electric field energy
is dissipated in the dielectric because of the polarization of
dielectric material dipoles by the electric field. For almost
nondispersive bulk dielectrics, the dielectric loss is directly
proportional to the frequency. Such dielectrics as polyethylene
and Teflon, which are typically used for the manufacturing of
flexible cables, exhibit low dielectric loss at frequencies below
a few gigahertzes.

The transition duration ¢, of the step pulse signal launched
from a common TDR device is on the order of 30 ps, with a
corresponding signal bandwidth of 11.7 GHz. Although the di-
electric material used in the sensors is a low-loss polyethylene,
the dielectric loss at high frequencies still cannot be ignored
for such a wideband signal. To estimate the dielectric loss, a
transfer function of a transmission line was employed [22].
We have

H(f)= ek F 5 gkal )

where k, is a constant for the skin effect, k4 is a constant for
the dielectric loss, and f is the frequency. The attenuation is
calculated as

Attn/dB = 20 - log |H(f)| = 20 - log [e *=VI=kaf | ()

Since the impedance mismatch loss is negligible for the ref-
erence cable, (6) can be used to determine k, and kg for
quantifying the conductor and dielectric losses. By optimizing
ks and kg, the curve calculated with (6) matches with the
measurement result well, as shown in Fig. 19. By transforming
the frequency-domain attenuation data into the time domain,
the dielectric loss and the skin-effect contributions to the total
peak loss were calculated as 3% and 6%, respectively. Note that
the dielectric losses for the three cables are the same.

2) Skin Effect and Impedance Mismatch Loss: Both skin
effect and the impedance mismatch contribute to the peak loss
for the two hand-made cable sensors. Skin effect has a greater
effect on the high-frequency part of a signal spectrum than
on the low-frequency components [14], [23]. As the frequency
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Fig.20. Measured TDR waveforms of the two sensors and the reference cable.

increases, the current trends to concentrate on the surface of
the conductor within a skin depth. The effective cross-sectional
area of the conductor becomes smaller. Therefore, the per-unit-
length resistance of a conductor increases with frequency, and
in the first-order approximation, it is proportional to the square
root of the frequency.

The impedance mismatch, which results in multiple signal
reflections, is primarily attributed to the manual fabrication
effect of the sensors. Even very narrow gaps between two
consecutive spirals may cause unnegligible local characteristic
impedance variations of the cable sensors. When a signal
encounters these gaps, a portion of the signal will be reflected
back. Hence, the resulting transmitted signal level reduces. The
measured TDR waveforms of the two cable sensors, as well
as of the reference cable, are shown in Fig. 20. Although the
two sensors were well fabricated, many small discontinuities
are still seen on TDR waveforms. The impedance variation of
the two sensors, particularly the gold-plated spiral sensor, is
obviously larger than that of the reference cable.

The skin effect and impedance mismatch losses cannot easily
be separated and quantified with experiments; thus, a numerical
SPICE model was used to quantify two effects. The basic prop-
erties of the sensors were modeled as lossless transmission line
elements. The spikes caused by the fabrication artifacts were
modeled as lumped inductors, whose values were measured
with a TDR [24]. The skin-effect loss was represented with
an R-L ladder circuit model [25]. When the inductors, which
represent the discontinuities, were removed from the SPICE
model, the peak loss changed. This difference in the peak
loss for the gold-plated sensor is approximately 5%, which is
contributed by the impedance mismatch effect. The values of
the total peak loss, the peak loss due to the dielectric, and the
loss due to the impedance mismatch for the gold-plated sensor
are known (i.e., they are 17%, 3%, and 5%, respectively); thus,
the peak loss due to the skin effect is the remaining, which
is 9%. In the same way, the impedance mismatch loss and
the skin-effect loss for the steel spiral sensor are calculated as
1% and 17%, respectively. The skin-effect-induced peak loss
can also be calculated by removing the R-L ladder skin-effect
model from the original SPICE model.
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TABLE 1II
CONTRIBUTIONS OF THREE LOSS MECHANISMS
TO THE TOTAL PEAK LOSS

Skin Dielectric | Reflection Total
effect loss loss loss
Gold-plated spiral 9% 3% 5% 17%
sensor
Steel spiral sensor 17 % 3% 1% 21%
Reference cable 6% 3% 0% 9%

Table II summarizes the contributions of the three loss com-
ponents to the total peak loss. Several conclusions can be drawn
according to the data in this table.

1) Skin effect is a dominant factor in the signal loss. Using
a high-conductivity metal for the inner conductor and the
outer shield of a cable sensor can significantly reduce the
signal loss.

2) The dielectric loss can be well controlled within a wide
frequency range from dc to 6 GHz by using a low lossy
dielectric material, e.g., polyethylene or Teflon, as the
insulation layer of a cable sensor.

3) The impedance mismatch loss highly depends on the fab-
rication quality of a cable sensor. A controlled fabrication
process is necessary to minimize this effect.

B. Spatial Resolution and Sensitivity

Spatial resolution is defined as the minimum distance be-
tween two adjacent cracks that can be resolved by a crack sen-
sor. For two pulses with equal amplitudes in the time domain,
the spatial resolution is approximately 50% of the impulse
width [26] and can be calculated as

Al = [lo5 = ly.s] (7
where [, 5 is the location of the point on the left pulse edge
whose magnitude is 50% of the peak value, and [jj 5 is the
location of the point on the right pulse edge whose magnitude
is 50% of the peak value.

Sensitivity is defined as the minimum width of a crack that
a sensor can detect. As shown in Section IV, a crack on the
concrete beam surfaces with a width as low as 0.05 mm was
successfully captured. The noise floor of a TDR with 16 wave-
forms, on the average, is approximately 0.003 in terms of the
reflection coefficient [20]. To successfully distinguish the TDR
signal from the noise floor, the limit of the reflection coefficient
that results from a crack is set to be twice the noise floor, which
is 0.006. Because the signal loss attenuates the amplitude of the
signal and broadens the waveforms, a TDR signal can be buried
in the noise floor due to the signal attenuation. The signal loss
increases along the sensor; thus, the sensitivity and the spatial
resolution of a sensor decrease along the sensor. For a given
crack, a higher reflection coefficient leads to a higher sensitivity
of the sensor.

The signal-loss effect is a function of the sensor length. It can
be obtained by convolving the input signal with the impulse
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response of a sensor. The lossless transmission line model of
a cable sensor, as shown in Fig. 3, was used to generate a
TDR waveform of a sensor with a crack. The characteristic
impedance of the sensor is 50 (2. The lumped inductor is 1 nH.
The excitation is a step pulse with a bandwidth of 6 GHz, which
is the integration of the measured original impulse response
over time. The bandwidth of the step pulse is the same as the
bandwidth of the impulse response of the sensors. A spike that
results from the 1-nH inductor is shown in Fig. 21 and is labeled
as the original pulse. By convolving the original pulse with the
measured impulse response of the 1-m-long steel spiral sensor
multiple times, the original pulse is attenuated by lossy steel
spiral sensors of different lengths. Fig. 21 shows a series of
distorted waveforms.

The impact of the signal loss on the sensitivity of the steel
spiral sensor is investigated through the peak loss. A sensor
with a higher reflection coefficient means that it has higher
sensitivity. For a given crack, a TDR easily detects a sensor with
a higher reflection coefficient. In addition, the more sensitive
sensor can sustain more signal loss. Fig. 22 shows that the
peak loss exponentially increases with the length of the sensor,
and this figure can be used to determine the sensor’s useful
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length and sensitivity. For example, if the reflection coefficient
is 0.020 for a 0.03-mm-wide crack and the peak loss is 70%
for a 6.4-m-long steel spiral sensor, then, according to Fig. 22,
the attenuated peak value of the signal is 0.020 x (1-70%) =
0.006. This value is twice as much as the TDR measurement
noise floor. The sensitivity of the steel spiral sensor at 6.4 m is
a 0.03-mm-wide crack, and the corresponding maximum useful
length of this sensor is limited to 6.4 m.

Signal loss limits the useful length of a sensor, but sig-
nal processing techniques can significantly extend the useful
length. For example, the information of the peak loss with
respect to the sensor length can be used to compensate for the
magnitude attenuation. Given the crack locations, the peak loss
can be estimated from the corresponding peak loss curve. The
actual amplitude of the pulses can be evaluated as

Compensated pulse amplitude

_ recorded pulse amplitude
- 1 — peak loss(%)

®)

Using (2), the added inductance can be calculated with the
compensated peak values, and then, the added inductance can
further be related to the size of a crack.

The spatial resolution as a function of the sensor length is
calculated using (7). The results are shown in Fig. 23. When
exciting a steel spiral sensor by a step pulse with a bandwidth
of 6 GHz, the spatial resolution decreases from 3.2 cm at zero
length (lossless) to 14.4 cm at the 10-m length. By decreasing
the transition duration of the step pulse launched by a TDR, the
spatial resolution can be improved. However, this improvement
is limited by the sensor length. The reason will be discussed in
the following section.

C. Sensor Design Optimization

Many parameters influence the performance of a sensor. The
important parameters that directly influence sensitivity, spatial
resolution, and peak loss of a given sensor are not only the skin
effect, the dielectric loss, and the impedance mismatch loss but
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also the impedance of the sensor and the transition duration of
the step function launched with the TDR.

Equation (2) indicates that the maximum reflection coef-
ficient of a sensor is inversely proportional to the transition
duration ¢,.. However, there is a limit for reducing the transition
duration ¢,., because a pulse with a smaller transition duration
corresponds to a wider frequency spectrum. The coaxial cable
sensor effectively acts as a low-pass filter. Longer sensors have
lower frequency bandwidth compared with shorter sensors.
When a cable sensor is substantially long, the performance of
the sensor will no longer benefit from a faster TDR because
of the limited bandwidth of the cable sensor. To investigate
the suitable bandwidth of a TDR step function pulse, the im-
pulse responses of the 1-m-long reference cable were measured
with a vector network analyzer for three different bandwidths:
1) 30 kHz-6 GHz; 2) 50 MHz-12 GHz; and 3) 50 MHz—
20 GHz. As described in Section V-A, three TDR waveforms
of a lossless sensor with 1-nH lumped inductor excited with
6-, 12-, and 20-GHz-bandwidth step functions were obtained.
By convolving these three impulse responses of the cable with
the TDR waveforms, the TDR signal peak values of the sensor
excited with step functions with different bandwidths can be
evaluated with respect to the sensor length. Fig. 24 shows that,
with a step function of a wider spectrum, the peak values
of TDR signals decay much faster along the sensor length
compared to that with a lower bandwidth step function. At a
10-m length, three curves tend to converge. If a sensor has
a higher signal loss, three curves may converge before 10 m.
A TDR with a 6-GHz-bandwidth step function spectrum may
be a suitable choice for sensor applications because of the
compromise between the instrument cost and the sensitivity of
the sensors. The corresponding transition duration of the step
function is approximately 60 ps.

The reflection coefficient of the sensor is also inversely
proportional to the sensor impedance, as shown in (2). Small
characteristic impedance is preferable for higher sensor
response. However, the sensor with 50 € impedance has the
lowest signal loss [14]. The suitable characteristic impedance
of a sensor is a compromise between the maximum TDR
signals and the signal loss.
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VI. CONCLUSION

A prototype cable sensor based on the topology modification
of the outer conductor has been developed to improve its
sensitivity. The experimental results have shown that a single
distributed coaxial cable sensor can capture most of the cracks
that were intercepted by the sensor. The distributed feature
of the TDR sensing technique makes a cable sensor very
promising for applications related to identifying the profile of a
crack pattern in reinforced concrete structures. The distributed
cable sensor is 10 times more sensitive to a crack development
than a traditional cable sensor.

Signal losses in a cable sensor comprised of three com-
ponents: 1) skin effect; 2) dielectric loss; and 3) impedance
mismatch. The impact of the signal loss on the sensitivity and
spatial resolution of a sensor was quantified with experiments
and numerical simulations. The skin effect, i.e., conductor loss,
was dominant and can significantly be reduced by using a metal
with a high conductivity for both the inner conductor and the
outer shield of a cable sensor. Manual fabrication may introduce
artifacts that cause unintentional multiple signal reflections. An
automated and controlled fabrication process can minimize this
effect. By selecting a low lossy dielectric material as the insu-
lation layer of a cable sensor, e.g., polyethylene or Teflon, the
dielectric loss can be well controlled within a wide frequency
range. In addition, the peak-loss-compensation approach was
proposed to enhance the sensor performance.

The new plasma-spray coating technique can significantly
improve the uniformity of the sensor. This manufacturing
technique moves the emerging technology one step further
toward practical applications. With plasma-sprayed sensors, the
experimental results show that the peak reflection coefficient
from a local crack is linearly proportional to the width of the
crack, at least in the range of measurements.
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