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Abstract. This study presents early crack detection of steel fiber-reinforced concrete (SFRC) under varying temperature
and humidity conditions using an instantaneous electrical impedance acquisition system. SFRC has the self-sensing
capability of electrical impedance without sensor installation thanks to the conductivity of embedded steel fibers, making
it possible to effectively monitor cracks initiated in SFRC. However, the electrical impedance is often sensitively changed
by environmental effects such as temperature and humidity variations. Thus, the extraction of only crack-induced feature
from the measured impedance responses is a crucial issue for the purpose of structural health monitoring. In this study, the
instantaneous electrical impedance acquisition system incorporated with SFRC is developed. Then, temperature, humidity
and crack initiation effects on the impedance responses are experimentally investigated. Based on the impedance signal
pattern observation, it is turned out that the temperature effect is more predominant than the crack initiation and humidity
effects. Various crack steps are generated through bending tests, and the corresponding impedance damage indices are
extracted by compensating the dominant temperature effect. The test results reveal that propagated cracks as well as early

cracks are successfully detected under temperature and humidity variations.
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1. Introduction

A number of historical collapse accidents of civil
infrastructures especially made of concrete materials have
been reported (Arslan and Korkmaz 2007, Robin 2013).
Such accidents are directly connected to civilians’ live and
property. Thus, their prevention and prediction are one of
the most important issues in structural health monitoring
(SHM) field. In this perspective, early damage detection
from an initial stage is necessary. Although there are many
types of concrete damage such as carbonation, delamination,
aggregate expansion and so on, a crack is well-known and
one of the critical damage types in concrete structures.
However, early crack detection of concrete structures is still
a challenging work due to inhomogeneity, bulky frame,
inherent damage of non-structure level and so on. Visual
inspection by well-trained experts has been most widely
used in the field, but it is quite labor-intensive, time
consuming and unreliable. Thus, a number of ongoing
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efforts to develop effective crack detection techniques in
concrete structures has been reported. For example, Neild et
al. (2005) and Simon et al. (2015) utilized vibrating wire
strain gauges for measuring small strain in concrete. Then,
acoustic or ultrasonic sensor-based crack detection
techniques have been also proposed. Fiber optic sensors
were utilized to monitor acoustic emission in civil structures
(Verstrynge et al. 2014, Kazuro et al. 2005). Then, a lead
zirconate titanate (PZT) impedance sensor-based concrete
damage detection techniques have been developed
(vanowen et al. 2008, Wang et al. 2013, Karayannis et al.
2015, Arun and Subramaniam 2016,). Suraj and Shruti
(2016) and Chalioris et al. (2015) also proposed PZT-based
smart aggregates for damage evaluation in a concrete beam.
Also, wireless impedance monitoring systems has been
developed for damage detection concrete beams (Providakis
and Liarakos 2011, Chalioris et al. 2016, Yan et al. 2017).
Although they have high detectability to cracks,
inhomogeneity of concrete makes the responses difficult to
be physically interpreted. Then, the high damping nature of
acoustic or ultrasonic waves propagating along concrete
structures often degrades crack detectability in terms of low
signal-to-noise ratio. Moreover, the sensor installation still
has technical problems such as imperfect bonding condition,
replacement issues and so on. In particular, the critical issue
is that the degradation of embedded sensors is often faster
than the target structure when it comes to long-term SHM
perspective (An et al. 2014).
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To overcome the limitations of the contact-type SHM
techniques, non-contact SHM techniques have been
developed. Vision cameras have been used for concrete
crack inspection (Lecompte et al. 2006, Jahanshahi et al.
2013). Although the vision camera techniques are simple,
cost-effective and practical, their reliability may be
degraded depending on the image capture conditions such
as capture angle, illuminance, undesired dust in the air or on
the target surface. Another promising SHM technique is an
infrared (IR) thermography technique (Yang et al. 2016, An
et al. 2014, Cheng et al. 2008, Aggelis et al. 2010). It is also
noncontact, nondestructive and non-invasive technique, but
the precise control and high-power of an excitation heat
source are typically required for concrete crack detection.
Furthermore, surface irregularity of concrete structure is
often misclassified as a crack due to high sensitivity.

As an alternative, self-sensing concrete materials have
been developed. Although concrete is a representative non-
conductive material, it is able to have electrical conductivity
by adding various conductive functional components such
as steel fiber, carbon black, carbon nanofiber, graphite
powder and so on, enabling to measure electrical responses
without sensor installation (Hou and Lynch 2005, Luo et al.
2011, Vaidya and Allouche 2011, Azhari and Banthia 2012,
Konsta-Gdoutos and Aza 2014, Qiao et al. 2017). In order
to measure electrical responses, an electrical input source is
required. Direct current (DC) and alternating current (AC)
have been used as typical input source types. Although the
DC method is simple and stable, relatively long
stabilization time caused by polarization effect is typically
necessary for the stable response measurement (Jingyao and
Chung 2004). Thus, the DC method may not be suitable to
instantaneously measure the data for SHM. On the other
hand, the AC method can be used for the real-time SHM
purpose, because the polarization effect can be eliminated
(Baoguo et al. 2012). The self-sensing concrete-based AC
methods have widely used to measure mechanical behaviors
(Xuli et al. 1997, Xu et al. 2010, Teomete 2015). However,
a few studies on the performance of the self-sensing
concrete under varying environmental conditions have been
reported for the SHM purpose.

In this study, a steel fiber-reinforced concrete (SFRC)
based self-sensing electrical impedance technique is
proposed for early crack detection. Thanks to the high
strength and ductility of SFRC (Jianming et al. 1997, Yoo et
al. 2015, Bae et al. 2018), it can be used as structural
members in the structural hot spots of a concrete structure.
Simultaneously, SFRC is able to act as sensors for SHM,
thus making it possible to effectively monitor the entire
concrete structure. However, since electrical impedance is
sensitively altered by environmental variation as well as
crack initiation, a crack-induced feature should be extracted
from the measured responses under normal operating or
environmental conditions. The objectives of this study are
(1) to develop a SFRC-based self-sensing impedance
acquisition system for instantaneous data measurement, (2)
to experimentally investigate the temperature, humidity and
crack initiation effects on the electrical impedance
responses obtained using the developed system, and (3) to
identify crack initiation in SFRC under environmental
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variation.

This paper is organized as follows. Section 2 describes
the instantaneous electrical impedance acquisition system
combining with SFRC. Then, Section 3 investigates
temperature, humidity and crack initiation effects on the
measured impedance responses. Based on the signal pattern
analysis, the crack detection procedure and the processing
results are presented in Section 4. Finally, this paper is
concluded with brief discussion in Section 5.

2. Development of an instantaneous electrical
impedance acquisition system

This section introduces the SFRC-based -electrical
impedance acquisition system. First, the manufacturing
process of SFRC is explained. Based on the prepared SFRC,
an instantaneous electrical impedance acquisition system
enabling to excite an AC input with various frequencies and
to simultaneously measure the corresponding impedance is
developed.

2.1 Preparation of steel fiber-reinforced concrete
(SFRC)

SFRC is basically made by adding steel fibers to a
mortar matrix, making it possible to have conductive nature.
The mortar matrix is basically composed of type | cement,
silica fume, silica powder, superplasticizer and water as
summarized in Table 1. Here, individual grains of each
component are ranged from 0.1 mm to 0.3 mm, and the
averaged diameter of silica sand is 0.42 mm.

First, all components are dry-mixed for two minutes,
and water is subsequently added. Then, the superplasticizer
is additionally mixed during two or three minutes. The
resultant strength of the mortar matrix without fiber is 180
MPa. Here, a Hobart type laboratory mixer with a capacity
of 20 L is used for mortar mixing. Next, the medium fibers
with smooth surface are added to the matrix. For the
uniform distribution of fibers, a small of fibers is
sequentially added on several times. Similarly, the long
smooth fibers are added to the matrix. The portion of the
steel fibers is 2 % of the matrix, and their total weight is 93
g. The material property of the steel fibers is shown in
Table 2.

Subsequently, the mixtures cast in a mold. Copper
electrodes and steel wire meshes are embedded as shown in
Fig. 1. The steel wire meshes used for reinforcement are
disconnected where the crack will be produced, meaning
that the crack initiation location is controlled using the wire
mesh installation.

Table 1 Composition of matrix mixture presented by weight
ratio

Cement  Silica  Silica Silica
(Type) fume sand powder

Super-

e Water
plasticizer

1.0 (I) 0.25 11 0.3 0.067 0.2
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Table 2 Material property of steel fibers

. . . Tensile strength Elastic modulus Electrical Volume contents
Fiber type Diameter (mm) Length (mm) Density (g/cc) (MPa) (GPa) resistivity (kQ-cm) %)
Long smooth 0.3 30 7.9 2000 200 2.06 x 1078 1.0
Medium smooth 0.2 19 7.9 2788 200 2.06 x 1078 1.0
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Fig. 1 Dimension of the SFRC specimen

Fig. 2 Representative SFRC specimen fractured by bending loads

Then, the electrical conductivity of the embedded two
copper electrodes is 9.21 x 108/kQ-cm. Note that the
electrode type and material should be carefully selected to
enhance the sensing sensitivity. The detailed dimension of
the SFRC specimen is shown in Fig. 1.

After the casting process, the SFRC is covered with
plastic sheets and placed in laboratory at room temperature
of 25 °C and a relative humidity of 60 % for one or two
days prior to demolding. Finally, after demolding, SFRC is
hot-water-cured at a temperature of 90 °C for three days.

Fig. 2 shows the manufactured SFRC including fibers and
electrodes. Note that the fractured one is shown in Fig. 2 so
that inner fibers can be simultaneously displayed.

2.2 Instantaneous electrical impedance acquisition
system

Fig. 3 shows the electrical impedance acquisition system
combined with SFRC. The electrical impedance acquisition
system consists of an arbitrary waveform generator (AWG),
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Fig. 3 Schematic of an instantaneous electrical impedance acquisition system: arbitrary waveform generator. v;, v, and
v, are input, output and SFRC voltages, respectively. €. and C, denote the capacitance values of SFRC and the

reference capacitor of the self-sensing circuit

a voltage divider-based self-sensing circuit, a digitizer and a
controller. First, the controller sends the control and trigger
signals to AWG and digitizer. Then, AWG generates an AC
input with a desired waveform, and the corresponding
current propagates along SFRC as shown in Fig. 3.
Simultaneously, the current is measured by the digitizer
through the self-sensing circuit. Since SFRC is semi-
conductive, the driving voltage above a certain level is
required. However, the closed loop circuit of series
connection may cause the saturation of digitizer. Therefore,
a self-sensing circuit acting as a charge amplifier is used to
measure small voltage of SFRC (An and Sohn 2012). The
self-sensing circuit based on a voltage divider is able to
simply measure the voltage of SFRC (w,) using the
following equation.

C
ve(t) = == 0o (8) = vi(t) @
Ce
where C. and C, represent the capacitance values of
SFRC and the reference capacitor of the self-sensing circuit,
respectively. v, and v; are the voltages of output and
input as shown in Fig. 3. And the electrical contacts with
the specimen is easily contacted using a crocodile clip. The
developed impedance acquisition system is able to
automatically sweep broadband frequency ranges, which is
programed by LabVIEW. Note that developed system can
be easily extended to multi-channel sensing using
multiplexers, although Fig. 3 display the single-channel
data acquisition.

3. Experimental study

Based on the developed instantaneous electrical
impedance acquisition system, environmental variation and
bending load tests are carried out. In particular, the
electrical impedance signal patterns are observed under
changing operation temperature and humidity conditions.
Then, bending-induced crack effects on the impedance
signals are also investigated.

3.1 Investigation of temperature and humidity
variation effects

The test setup for investigating temperature and
humidity variation effects on the impedance signals is
shown in Fig. 4. AWG (NI PXI-5412) generates the input
waveform of broadband frequency ranged from 65 Hz to 85
Hz, and the digitizer (NI PXI-5122) measures the
corresponding responses with a sampling rate of 1MHz. To
reduce undesired noises, the responses are 10 times
measured and averaged in the time domain for each
condition. The reference capacitor of 10 nF is used for the
self-sensing circuit, and the measured responses are
calibrated using Eq. (1). For the temperature and humidity
conditions, the temperature data sets are collected from
intact condition of the specimen at -10°C, 0°C, 10 °C, 20°C,
30°C and 40°C with a relative humidity 60%. Similarly, the
humidity data sets are collected at 40%, 60% and 80%
under 20°C. Note that common operating environmental
conditions are considered. The test cases are summarized in
Table 3.
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Fig. 4 Test setup for temperature and humidity variation effects
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Fig. 5 Temperature effects on resistance and reactance
with frequencies ranged from 65 to 85 Hz

Fig. 6 Humidity effects on resistance and reactance with
frequencies ranged from 65 to 85 Hz
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Fig. 7 Test setup for bending effects: UTM is a universal testing machine

In particular, R and X are rarely changed below 0°C, and X
is less sensitive than R to temperature variation as shown in
Fig. 5. Similarly, the humidity variation test results are
displayed in Fig. 6. Compared to the temperature effects,
the humidity effects on the impedance change can be
ignorable when it comes to the humidity conditions
considered in the test.

3.2 Bending load tests

Fig. 7 shows the bending test setup. Using a universal
testing machine (UTM), three point-bending load tests are
performed under 7°C and a relative humidity of 30%. Note
that the test parameters are identical to the temperature and
humidity variation tests except for particularly mentioned
ones. The loading step is controlled by displacement of the
UTM controller. The test displacement cases are 0, 0.5 mm,
1 mm, 2 mm, 3 mmand 4 mm.

First, the representative bottom views of the SFRC
specimen without loading is shown in Fig. 8(a). After
applying 0.5 mm displacement to the specimen, a closed-
type crack is produced as shown in Fig. 8(b). Then, an
initial open crack and multiple cracks are sequentially
created by 1 mm and 2 mm displacements as displayed in
Figs. 8(c) and 8(d), respectively. During the loading tests,
the UTM controller continuously records the corresponding
force-displacement data as shown in Fig. 9. The closed-type
crack is initiated in the elastic region, meaning that it can be
restored. However, the initial open crack produced beyond
the yielding point and the multiple cracks at almost fracture
range cannot be returned to the original condition.

Fig. 10 shows the corresponding impedance response to
each loading step. R and X are minutely changed by
changing loading conditions compared to the temperature
variation effect displayed in Fig. 5. When the closed-type
crack is initiated, R slightly decreases. However, R
inversely increases after the initial open crack is created.
Such tendency is retained as the crack widths are gradually
expanded as shown in Fig. 10(a). The phenomenon in the
case of a closed-type crack can be physically explained in
that the fibers in SFRC serve as bridges for connecting
electricity called as the bridge effect. The reinforced fibers
inside the matrix is momentarily exposed to air at the initial
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Fig. 8 The representative bottom views of the SFRC
specimen under loading
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Fig. 10 Bending load effects on resistance and reactance

cracking state, resulting in the temporary R decrease. Once
the crack width is more expanded, the connected bridge
effect gradually diminished due to fiber separation. On the
other hand, X increases due to the bridge effect while it is
getting smaller as the bridge effect diminishes. Although R
and X reveal the opposite changing tendency, crack
initiation and expansion effects caused by the bridge effect
and fiber separation can be clearly observed in Fig. 10.

4. Crack detection algorithm

Fig. 11 describes the overall procedure of a crack
detection algorithm. The details of each step are as follows.

Step 1: Collect baseline data sets at various temperature
conditions: Baseline data sets including R, X and the
corresponding temperature are collected at various
temperature conditions using the proposed electrical
impedance acquisition system. It is assumed that the
baseline data sets are collected from the pristine condition
of a target structure. Then, the baseline phase signals (¢,)
are computed using R; and X; at each temperature
condition.

X
¢; = tan 1; )

J
where the subscript j denotes a certain temperature
condition.

Step 2: Measure a test data set at a specific temperature:
The test data set containing R, X and temperature is
measured at a specific temperature condition. Once the test
data set is acquired, the corresponding test phase signal
(¢;) is similarly calculated as Eq. (2). Here, the phase
information implies the changing features of R and X.

Step 3: Select the two closest baseline data sets to the
test data sets using the test temperature condition: Since the
temperature information are known, the two closest baseline
phase signals (¢;1,¢;,) to the test temperature (t) can be
selected.

Step 4: Reconstruct the baseline phase signal: Using the
two selected baseline phase signals, a new phase signal can
be constructed by assuming the linear relationship between
phase and temperature variations within the temperature
interval used in the baseline data collection.

¢,t=¢j1|t_]'2|+(.l’)j2|t_]1| 3)
lj1 -2

where ¢, is the reconstructed phase signal at the test
temperature. j1 and j2 are the two closest temperature
values to t. The difference between ¢, and ¢', may be
different depending on temperature interval used when
baseline data sets are collected. Since the baseline data sets
cannot be gathered at all continuous temperature conditions,

the discrepancy between ¢, and ¢’, isinevitable.
Step 5: Compute a damage index and threshold: A

damage index (DI) is computed using ¢, and ¢',

ef Y, Zd
DI = fsf (e(ft ¢2t) f (4)
Jip (@) df

where sf and ef represent the start and end frequencies. In
case of the intact test data sets, DI has only reconstruction
and measurement errors, used for a threshold (TR) value in
this study. The errors can be minimized by increasing the
temperature resolution of baseline collection. On the other
hand, the crack-induced feature is straightforwardly
reflected in DI.

Step 6: Decision making: Once DI and TR are
calculated, the SFRCs’ condition can be evaluated. For
example, when calculated DI is larger than TR, it is
damaged condition. If not, it is undamaged condition.
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various temperature conditions
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specific temperature
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Fig. 11 Overall procedure of a crack detection algorithm: TR and DI represent threshold and damage indices

The temperature variation and bending load test data
described in Section 3 are used for examining the algorithm
performance. The temperature variation test data obtained at
-10°C, 0°C, 10°C, 20°C, 30°C, and 40°C considered as
normal operation temperature ranges of infrastructures are
used as the baseline data sets. Then, the bending load test
data sets obtained at 7°C is used as the test data sets. Once
¢; and ¢, are computed by Eq. (2), ¢', can be obtained
using ¢, and ¢4,. This calculation is repeated for each
loading steps from 0 to 4 mm.

Fig. 12 shows the phase variation tendency. As expected,
the discrepancy between ¢, of no loading case and ¢,
can be observed because the temperature interval of
baseline data measurement is 10°C which is not ignorable.
Again, this discrepancy physically means nothing but the
reconstruction and measurement errors, acting as the
threshold value, presented in the red dotted line in Fig. 13.
Then, ¢, corresponding to the 0.5 mm loading case

increases compared to ¢'.,.
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Fig. 13 Test results of the crack detection algorithm

From the 1 mm to 4 mm loading cases, inversely the ¢,
values decreases. Although the discrepancy between ¢, of
the 1 mm loading case and ¢'. is the smallest among the
investigated loading cases, it is still larger than the error-
caused discrepancy. It can be inferred that the crack
detectability depends on the error-caused discrepancy, and
smaller temperature interval of baseline data collection can
enhance crack detectability.

Based on the computed data, DI’s are calculated using
Eq. (4) and summarized in Fig. 13. It can be observed that
DI’s of all crack cases exceeds the threshold value, meaning
that the proposed algorithm successfully detects early
cracks without false alarms. One interesting fact to see here
is that DI of the closed-type crack corresponding to the 0.5
mm loading case is larger than the initial open crack one.
The reason why DI of the 0.5 mm case is larger than the 1
mm case one is that the proposed technique is sensitive to
even closed type crack (0.5 mm case) due to the bridge
effect. Also, DI’s of other open crack cases remarkably
increase due to the subsequent fiber separation. Therefore, it
can be concluded that the proposed technique is able to
detect closed-type early crack as well as open-type cracks.

5. Conclusions

This paper proposes an early crack detection technique
using steel fiber-reinforced concrete (SFRC)-based self-
sensing electrical impedance. Since SFRC can be used as a
sensor itself as well as a structural member of
infrastructures, it can be effectively used for structural hot
spot monitoring. For the structural health monitoring
purpose using SFRC, an instantaneous electrical impedance
measurement system and the corresponding crack detection
algorithm are developed and experimentally validated. In
particular, temperature and humidity variation effects are
thoroughly investigated, because the electrical impedance is
typically altered by environmental variation -effects,
especially temperature changes. Although the validation test
results reveal that even closed-type early crack is
successfully detected under certain temperature conditions,
it is important to cover a wide range of temperature
conditions with a small temperature increment to minimize
false alarms and maximize crack detectability.

As a follow-up study, a machine learning or deep
learning-based crack detection algorithm is now being
developed for fully automated making-decision. Moreover,
crack localization will be tested through multi-channel
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sensing in a real scale concrete structures. Furthermore, the
applicability or detectability to various damage types such
as corrosion, spalling and etc. should be investigated before
its practical usage, although its environmental effects have
been investigated in this study. It is expected that the
proposed technique can be practically used for monitoring
various concrete structures such as building, bridge, pipe,
nuclear power plant and so on.
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