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Editorial
Sensors for Structural Health Monitoring in Civil Infrastructure
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Our lives rely heavily on the civil infrastructure such as brid-
ges, buildings, tunnels, power plants, and dams. Maintenance
and monitoring of civil infrastructure for an accurate estima-
tion of infrastructure age, usability, and also the probable
causes of concern are of great importance. Malfunctioning
and reckless, negligence, and unconscious human actions
over civil infrastructure have caused tremendous economic
loss and claimed numerous human lives. The development
of effective structural health monitoring (SHM) methods
has gained traction amongst the research community in
recent years. A typical health monitoring system is composed
of a network of sensors that measure the parameters relevant
to the state of the structure and its environment, such as
temperature, stress, delamination, strain, vibration, and
humidity. Accurate, robust, fast response, and long-term
reliable sensors are necessary for in situ structural health
monitoring. Although many types of sensors have been
developed and demonstrated, the potential for innovative
high-performance in situ sensors is increasingly evident.

This special issue seeks to attract researchers to contrib-
ute their original articles and review articles on sensor devel-
opment and application for structural health monitoring.
The special issue consists of 9 papers whose brief summaries
are listed below.

“Dielectric Characteristics of Unsaturated Loess and the
Safety Detection of the Road Subgrade Based on GPR” by
G. Lv et al. presents a moisture content and permittivity
model to simultaneously detect and estimate defects in loess
subgrade. The model can be applied in the engineering

practices to provide guidance for determining the qualitative
research of defects in the roadbed.

“Performance Deterioration of Heavy-Haul Railway
Bridges under Fatigue Loading Monitored by a Multisensor
System” by Z. Yu et al. studied the performance deterioration
of the scale models of a typical heavy-haul railway bridge
under fatigue loading based on a multisensor system includ-
ing the fiber-reinforced polymer optical fiber Bragg grating
and electrical resistance strain gauges, linear variable dis-
placement transducer, and accelerometer.

“Water Level Sensing in a Steel Vessel Using A0 and
Quasi-Scholte Waves” by P. Guo et al. presents a water level
sensing method using guided waves of A0 and quasi-Scholte
modes. A laboratory experiment using a pitch-catch configu-
ration with two piezoelectric transducers is designed for
sensing the water level in a steel vessel. The experimental
results show that the travelling time between the two trans-
ducers linearly increases with the increase of the water level
and agree well with the theoretical predictions.

“Mechanism of Subordinate Peak Skewing of FBG Sensor
during Cracks Propagation Monitoring on Aluminum Alloy
Structure” by B. Jin et al. investigates the variety of the
spectrum features of fiber Bragg grating (FBG) around
the crack tip during fatigue crack propagation.

“Decision Matrix Analysis of Impact Sounding Test
Method to Determine Interlayer Condition of Concrete
Bridge Deck” by C. A. Rosales et al. focused on analysis of
the frequency spectra of the impact sounding test performed
on composite slabs with different interlayer conditions.
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The proposed analysis was capable of detecting intermedi-
ate condition interlayer, which emphasized the transition
of damage in the interlayer section.

“A Highly Sensitive Intensity-Modulated Optical Fiber
Magnetic Field Sensor Based on the Magnetic Fluid and
Multimode Interference” by Y. Huang et al. demonstrated
an optical fiber magnetic field sensor based on a single-mode-
multimode-single-mode (SMS) structure immersed into the
magnetic fluid (MF). This optical fiber sensor possesses
advantages of low cost, ease of fabrication, high sensitivity,
simple structure, and compact size, with great potential
applications in measuring the magnetic field.

“Experimental Verification for Cable Force Estimation
Using Handheld Shooting of Smartphones” by X. Zhao
et al. proposed a vision-based approach for cable force
estimation using handheld shooting of a smartphone camera.
This study demonstrates the feasibility of cable force mea-
surement using handheld shooting of a smartphone camera.

“A Study for Optimum Survey Method of Underwater
Structure Using the Dual Sonar Sensor” by Y. Kim et al.
developed the equipment to investigate damage of underwa-
ter structures effectively using the dual sonar and studied the
operation method to improve the resolution of sonar data.

“Feasibility Study of Interlayer Slide Monitoring Using
Postembedded Piezoceramic Smart Aggregates” by J. Wu
et al. demonstrated that the postembedded smart aggregate-
based technique for interlayer slide monitoring was feasible
and effective in detecting a slide damage. Experimental
results demonstrated that SAs installed through a postem-
bedding process are an innovative yet effective approach to
monitor the interlayer slide.
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Utilizing embedded transducers is an effective approach to monitor a landslide. However, for existing structures, sensors can
only be postembedded, which involves drilling and grouting, and may change the original state of the structure, which calls
for the need to study the effectiveness of postembedded transducers. The main focus of this paper is the feasibility study of
the interlayer slide detection using postembedded piezoceramic smart aggregates (SAs). In this study, a small landslide
structure that involves a weak layer is studied and two pairs of SAs were embedded in predetermined positions inside the
structure. To study the difference, one pair of transducer was preembedded and the other pair was postembedded. Within
each pair, one SA was employed as an actuator to generate stress waves, and another SA used as a sensor to detect wave
responses. Active-sensing approach was developed to perform continuous monitoring during structural loading that was
used to induce an interlayer slide. The occurrence of interlayer slide attenuates wave energy and decreases signal intensity.
A wavelet-packed index was proposed to detect the occurrence and development of interlayer slide. Experimental results
demonstrated that SA installation through postembedding process is an innovative yet effective approach to monitor
interlayer slide.

1. Introduction

Landslides may cause immense property damage and even
loss of life. Landslides are usually triggered by environ-
mental changes, such as earthquake, heavy rainfall, or
rise of ground water levels. These factors can amplify the
inherent weakness inside a landslide body, which is
defined as a weak layer [1]. Landslides occur due to inter-
layer slide along the weak layer. The interface between the
weak layer and the surrounding medium transfers internal
stress when the slope mass is subjected to vertical loading
compression. Before a slide, the friction between these two
regions accumulates until the accumulated stress is sud-
denly released and the mass slips along the weak sliding
surface. It is essential to develop an effective detection
technique to monitor and study interlayer slide damage
to provide early warning.

Continuous and in situ monitoring of landslide is essen-
tial for the identification of potential landslide and predicting
the behavior of active landslide, and its importance has been
recognized by the scientific community since adequate mon-
itoring is an effective measure for understanding kinematic
aspects of landslide movement. In the past decades, different
types of instruments and techniques have been utilized for
landslide monitoring. These techniques can be classified as
remote sensing or satellite technique [2–4], photogrammetric
technique [5, 6], ground-based geodetic or observational
technique [7–9], satellite-based geodetic technique [10–13],
and geotechnical technique [14, 15]. The selection of tech-
niques for natural landslide monitoring depends on the dif-
ferent types of deformations that will affect the stability
analysis. Each monitoring technique has its advantages but
retains limitations. For example, the ground-based geodetic
technique requires an unobstructed line of sight between
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the instrument and the targeting prism; the detection
range of the remote sensing or satellite technique is costly
limited to a small scale of satellite imagery; as for the pho-
togrammetric technique, the temporal coverage is relatively
poor; the geotechnical technique may lose the data if
transfer media is not operating and internal storage is
not activated [1].

Piezoceramic materials, with the unique advantages
of wide bandwidth, low cost, small size, embeddability,
and dual actuation/sensing function, have been actively
researched in structural health monitoring (SHM) for many
years [16–28]. The unique properties of piezoceramic mate-
rials have led to a wide variety of research, including material
modeling [29–31], sensor development [32–35], energy har-
vesting [36–41], actuation, and sensing mechanisms [42, 43],
among others. One particular piezoceramic material, lead
zirconate titanate (PZT), has a strong piezoelectric effect
and is commonly used. For example, a pair of PZT patches
was used in smart aggregate (SA), which offers protection
to the fragile PZT patches. Smart aggregates have found a
wide range of active sensing enabled research, where at least
two SAs are used with one as an actuator to generate
stress waves and the other one as a sensor to detect the
propagated waves. By interrogating the signals detected
by the sensor, the changes along the wave propagating
path between the actuator and the sensor can be moni-
tored. Examples of active sensing with embedded SAs
include crack and damage detection of concrete structures
[44–48], water seepage monitoring of cement [49–51], soil
freeze-thaw status monitoring [52], and cure-state moni-
toring [53]. In addition, the concept of active sensing
using PZT transducers is extended to bolt looseness mon-
itoring [54, 55]. In a preliminary study, we demonstrated
that an interlayer slide can be effectively monitored using
preembedded smart aggregates with the active sensing
approach [56]. In addition, this technology is a low-cost
method and can determine the interface slide in real time.
However, for an existing structure or landslide body,
transducers, such as the smart aggregates, have to be
installed through the postembedding procedure. In addi-
tion, to enable the active sensing approach, at least two
SAs have to be installed with one on each side of the
interlayer. The installation of postembedded smart aggre-
gates involves drilling, embedding the smart aggregates,
and grouting, and obviously the postembedding procedure
changes the original conditions of the landslide body,
which calls for experimental study to verify the effective-
ness of the active sensing approach using embedded SAs
through the postembedding procedure.

Currently, there is no study on interlayer slide monitor-
ing with postembedded piezoceramic transducers, to the
author’s best knowledge. In this study, the active sensing
approach using postembedded SAs was adopted as transduc-
ers for interlayer slide monitoring of a specimen with a weak
layer under compressive loading. Two pairs of SAs were uti-
lized for the excitation and detection of the sine sweep sig-
nals. For comparison, one pair of SAs was preembedded
and the other pair was postembedded. The wavelet packet-
based energy index of the continuous signals was employed

to quantitatively indicate the occurrence and development
of the interlayer slide. Experimental results verified the feasi-
bility and effectiveness of postembedded SAs for in situ inter-
layer slide detection for landslide monitoring through a
comparative study.

2. Detection Principle

2.1. Smart Aggregate. Smart aggregates (SAs) are piezoceramic-
based multifunctional transducers (Figure 1) and have been
researched in structural health monitoring. SA was first pro-
posed by Song et al. [57, 58] and can be embedded and fixed
at a designated position within a concrete structure before
casting. Due to the direct and converse piezoelectric effect
of the PZT patch, SAs can satisfy the dual functions of actu-
ation and sensing. In this paper, an SA was fabricated by
sandwiching two PZT patches between a pair of cylindrical
marble blocks with epoxy and proper electric shielding, as
shown in Figure 2.

2.2. Principle of the Active Sensing Method. In this study, a
smart aggregate-based active sensing approach is used to
detect the interlayer slide damage. Active sensing method
takes advantage of the dual actuation/sensing capability of
piezoelectric transducers. Figure 3 demonstrates the SA-
based active sensing approach for interlayer slide detection.
Two pairs of SAs are used, and each pair is installed in oppo-
site sides of a weak interlayer. Between them, one pair of SAs
was preembedded before the casting, and the other pair was
postembedded after curing of the concrete. For each pair,
one SA functions as an actuator to generate stress waves
which propagate along the structure and across the

Electric wire

Smart aggregate

Connector

Figure 1: A fabricated smart aggregate.

Copper
package

Electric
wire

PZT patch

Epoxy

Marble
block

Marble
block

Figure 2: Components of a smart aggregate.
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interlayer, and the other one acts as a sensor to detect the
wave response. The energy attenuation of the propagating
wave crossing the interlayer is heavily influenced by the
interlayer condition. If an interlayer slide occurs, which
weakens the interlayer, the energy attenuation of the stress
wave will increase. Analysis of the sensor signal can reveal
the occurrence of the interlayer slide when compared with
a baseline or initial condition.

2.3. Interlayer Slide Index. Wavelet packet analysis was used
as a signal-processing tool to analyze the detected signal. A
wavelet is a waveform of effective limited duration with an
average value of zero. Wavelet packet analyses enable the
inspection of narrow frequency bands over a relatively short
time window [59]. Based on wavelet packet analysis, an inter-
layer slide index, which represents the transmission energy
loss caused by the development of slide failure, can be estab-
lished as follows:

The sensor signal X, which represents the detected wave
response, is first filtered by a Butterworth filter and then
decomposed by an n-level wavelet packet decomposition into
2n signal sets {X1, X2,… , Xj,… , X2

n}. Xj is the decomposed
sensor signal and can be represented as

Xj = Xj,1, Xj,2,… , Xj,m , 1

where m is the number of the sampling data and j is the fre-
quency band number (j=1, 2,… , 2n).

The energy of each decomposed signal Ej is defined as

Ej = Xj,12 + Xj,22 +⋯ + Xj,m2 2

The energy vector of the signal Xi at the ith measurement
is given by

Ei,i = Ei,1, Ei,2,… , Ei,2n 3

The interlayer slide index, using root-mean-square devi-
ation (RMSD) [60–62], indicates the severity of damage
between the chosen actuator-sensor systems. Specifically,
the index can be developed by calculating the RMSD between
the energy vectors of the initial state and subsequent states

during the test. The proposed wavelet-based interlayer slide
index at the ith time index is defined as

I =
〠2n

j=1 Ei,j − Eh,j
2

〠2n
j=1 Eh,j

2 , 4

where Eh,j is the energy at the jth frequency band (j=1, 2,… ,
2n) in the initial or the healthy state and Ei,j is the energy in
the ith time index. As an example, for a laboratory test of
the structure with an interlayer, the structure is considered
in a healthy state without the slide before the compressive
loading, and the interlayer slide index value is zero at this sit-
uation. As the loading progresses, a slide happens and the
index value will eventually approach one. Therefore, the
values of the interlayer slide index can be used to monitor
the interlayer slide, since the interlayer slide index was com-
puted based on the baseline data which was recorded when
the structure is in health status. The method has the capabil-
ity to tolerate small degrees of misalignment when the smart
aggregate pairs were postembedded in the structure.

3. Experimental Setup

The specimen and SAs were fabricated in the Smart Material
and Structure Laboratory, University of Houston. To verify
the feasibility and reliability of our proposed approach, we
chose mortar to simulate the environmental medium due to
its uniform and relative isotropic properties so that the
experimental results will not be strongly affected by the non-
linear and nonisotropic material properties of the medium.
In addition, to implement the active sensing approach, two
pairs of smart aggregates are embedded into the specimen
at prearranged locations on each side of the interlayer.
The size of the specimen was 150× 150× 300mm3, and the
location of SAs is shown in Figure 4. The size was selected
to avoid mechanical damage to the surrounding medium.
Considering that the natural landslide usually occurs in high
inclination, the angle between the weak interlayer and

Sensor

Weak
interlayer

Actuator

(a) (b)

Figure 3: Schematic diagram of smart aggregate-based active
sensing approach for interlayer slide detection. (a) Before slide. (b)
After slide.

Weak
interlayer

SA3

SA1

SA2

SA4

Figure 4: Schematics of the specimen. SA1 and SA2 are
preembedded. SA3 and SA4 are postembedded.
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horizontal surface was set to 40°. In this research, a compres-
sion test was designed to simulate the interfacial slide of the
specimen. It should be noted that the thickness of the weak
interlayer was 15mm. The weak interlayer was simulated
by a mixture of mortar, clay, sand, and water, and the mixing
ratio was mortar : clay : sand :water = 5 : 1.5 : 1.5 : 2. Its quanti-
tative composition is listed in Table 1. The dimensional
details are shown in Figure 5.

The preembedded SAs were labeled SA1 and SA2, while
the postembedded SAs were labeled SA3 and SA4. Postem-
bedded SAs were installed by drilling a 30mm diameter
and 35mm deep hole in the side face of the specimen, as
shown in Figure 6. The SAs were embedded into the hole
and refilled by nonshrinkage mortar. Both preembedded
and postembedded SAs were located symmetrically at the
same level with a horizontal distance of about 75mm. To
ensure the position and orientation of the smart aggregates,
the first smart aggregate was installed after the mortar was
poured at the designed height where the first smart aggregate
should be located. With a 5-minute hold for the mortar dry-
ing and a careful check of the position and orientation of the
smart aggregate, more mortar was filled until the second
smart aggregate was placed. Finally, the mortar was poured
to completely fill the drilled hole. After the curing of the mor-
tar, the two SAs became an integrated part of the landslide
body. The SA1 and SA3 were used as the actuators to gener-
ate repeated swept sine wave. SA2 and SA4 were adopted as
the sensors to detect the wave response.

Instrumentation includes two power amplifiers (Trek
2100HF), data acquisition system (NI USB6353), and a Shore
Western universal hydraulic testing machine, as shown in
Figure 7. The loading test was conducted by employing the
hydraulic testing machine with a separate acquisition system.
During the test, a swept sine wave was generated by the NI
USB6353 system and then amplified by the power amplifier
with a gain of 50. The frequency range of the swept sine wave
is from 100Hz to 150 kHz. The amplitude and period of the
signal are 150V and 1 second, respectively. The sampling
rate of the data acquisition system is 1.25MS/s.

Loading on the specimen was achieved with an 1112 KN
capacity Shore Western universal hydraulic testing machine.
The specimen was subjected to an axial pressure loading,
with a loading rate of 0.033mm/min. Every 10 minutes,
SA1 and SA3 generated repeated swept sine waves, and the
corresponding sensors (SA2 and SA4) detected the wave sig-
nal that propagated through the weak interlayer.

4. Experimental Results and Discussions

4.1. Pressure Loading History. The loading test lasted 310
minutes, and the loading history curve is shown in
Figure 8. The entire loading history can be divided into three
stages. During the first stage (0–60 minutes), the loading his-
tory curve displayed a linear increase which indicated that
the structure experienced elastic deformation and becomes
denser. During the second stage (61–290 minutes), the load-
ing history curve increased linearly. With an increasing load,
the friction between the weak interlayer and the surrounding
medium accumulated and increased. During the last stage
(291–310 minutes), the loading stress suddenly decreased,
which indicated the occurrence of the interlayer slide. In this
stage, a relative displacement was observed between the
upper specimen and the lower specimen.

4.2. Time Domain Analysis. The detected signals before and
after the interlayer slide in time domain by SA2 and SA4
are shown in Figure 9. In each figure, the red and blue curves
represented the signal received at 290 and 300 minutes,
respectively. The entire signals corresponded to one period
of the excitation signal. Due to the differences of the loca-
tion, interface, wave propagation medium, and orientation
between the preembedded SA pair and the postembedded SA
pair, the received signals of these two pairs present similar
amplitude levels but still retain unique details. Both of the
received signal amplitudes experienced obvious decreases
after slide damage occurs due to the attenuation of the stress
wave that propagated through the sliding interlayer. From
the experimental results of the time domain signal response,
the postembedded SAs show potentials to be used for the
detection of the interface slide.

4.3. Wavelet Packet-Based Analysis. According to the wavelet
decomposition, a signal can be decomposed into several fre-
quency bands. As shown in Figures 10 and 11, energy vectors
(level 5 decomposition) of the time domain signal given in
Figure 9 are formed by calculating the energy of each subset
(frequency band) to present the energy distribution along
the frequency bands. When the interlayer slide occurred,
the propagating stress wave energy attenuates at the sliding
interface so that to reduce the energy of the signal received
by SA sensors. Compared with the energy vector before and
after the slide as shown in Figures 10 and 11, obvious ener-
gies’ drop can be found at different frequency bands. It can
be seen that the wavelet-based analysis helps to provide
quantitative attenuation values of the signal corresponding
to each frequency band before and after the interlayer slide.
To further determine the occurrence of the interface slide,
the wavelet packet-based interlayer slide damage index is
computed, as shown in the next section.

4.4. Wavelet Packet-Based Interlayer Slide Damage Indices.
To provide quantitative analysis of the entire loading process,
the energy of the detected signal was computed by employing
the wavelet packet-based energy analysis. The computed
interlayer slide damage indices are shown in Figures 12
and 13. Both figures depict the energy levels throughout the
entire loading process. Both indices show a similar overall

Table 1: Composition of the surrounding specimen and weak
interlayer under study.

Material Constituent Content (kg)

Weak interlayer

Mortar 0.25

Clay 0.075

Sand 0.075

Water 0.1

Specimen
Mortar 3.85

Water 0.65
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increasing trend, and a sharp increase was observed near
the 300th minute, due to the occurrence of interlayer slide
damage that resulted in a sudden release of stress wave
energy. Correspondingly, the damage indices increased
suddenly when the slide occurred near the 300th minute.
Both pre- and postembedded SAs effectively detected the
interlayer slide.

We monitored the occurrence of the interlayer slide in
real time by detecting the sensors’ responses and the associ-
ated energy levels. Compared to the time domain analysis,
wavelet packet-based energy analysis shows an abrupt energy
change that corresponded to the interlayer slide. Therefore,
wavelet packet-based energy analysis using the data from
the postembedded transducers has the capacity to determine
the occurrence of an interlayer slide.

4.5. Discussions. Through the experiment, the occurrence
of the interlayer slide was successfully detected in real time
by employing the active sensing-based approach with post-
embedded smart aggregates. It should be noted that the
deformation of the specimen with a weak interlayer under
loading compression is complex. The structure is a heteroge-
neous material and exhibits a complex elastic behavior
related to the presence of microcracks. Due to the complexity
of the interlayer slide, there is lack of real-time-based tech-
nologies to monitor the interlayer slide, especially at its early
age. This research proposes a piezoceramic-based active
sensing approach which could have a potential to provide
an early warning of the interlayer slide in real time. Due to
the principle of the proposed method, the energy of the prop-
agating stress wave between SAs attenuates (a sudden drop of
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Figure 5: Locations of smart aggregates in the specimen (unit: mm). (a) Lateral view. (b) Front view.
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Figure 6: Installation of postembedded smart aggregates in the specimen. (a) Circular hole before installation of SA. (b) Refilled mortar after
the installation of SAs.
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the received energy) when the slide occurs. By using the
developed sliding interlayer index, the slide event can be
immediately determined when a “sharp” increase value
is presented in the index. However, many factors includ-
ing the distance of SAs, wave propagation medium prop-
erty, and excitation signal parameters, may influence the
threshold values. A comparative study of the results of
preembedded smart aggregates and postembedded smart
aggregates reveals that the differences between the two are
very limited, demonstrating the effectiveness of interlayer
slide detection by using the postembedded smart aggregates.
Since the proposed method is limited to detecting a local slide
near the sliding surface, a number of actuator-and-sensor
pairs should be deployed to monitor the slide in an actual
landslide body. Compared with other landslide monitoring
techniques, the proposed active sensing approach based
on SAs is a low-cost, robust, and real-time approach and
can provide a localized damage information. Due to these
advantages, the smart aggregates can be easily postem-
bedded into the existing landslide body. Currently, the

proposed technique is still a qualitative method, which
can hardly provide accurate parameters of the landslide.

According to the acoustoelastic theory, the velocity of the
propagating ultrasonic waves varies in the concrete body
subjected to a high level of stress [63]. The differences of
the wave velocities will affect the wave propagation in con-
crete. In this research, the acoustoelastic effect during the
loading test is not considered. Further analysis of the results
considering the acoustoelastic effect will be investigated. In
addition, more tests will be conducted to further verify the
validity, reliability, and accuracy of the proposed approach.
The accuracy of the proposed approach on the detection of
the interlayer slide damage of a structure due to bending
force will also be considered.

5. Conclusions

This research, through experimental means, demonstrated
that postembedded smart aggregate-based technique for
interlayer slide monitoring was feasible and effective in
detecting a slide damage. This technique adopts a stress
wave-based active sensing approach with piezoceramic trans-
ducers. Since a slide event weakened the interface between
the two layers and reduced the energy carried by the stress
wave crossing the interlayer, the occurrence of the interlayer
slide was detected when a significant drop in the detected
signal was observed. It was found that both pre- and postem-
bedded SAs effectively detected interlayer slide damage with
minimum differences. In addition, the proposed wavelet
packet-based interlayer slide indices can qualitatively deter-
mine the initiation and development of a slide damage.
The index values provided by postembedded SAs reflect
the occurrence of the interlayer slide and are consistent with
time domain results. In conclusion, the postembedded smart
aggregate-based method has the potential for implementa-
tion to monitor and detect landslide; however, the determi-
nation of the threshold value of the developed sliding
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Figure 7: Experimental setup.
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interlayer index requires further theoretical and experimen-
tal investigation, which will be considered in the authors’
future work.
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We present a moisture content and permittivity model to simultaneously detect and estimate defects in loess subgrade. Based on the
ground-penetrating radar (GPR) method, the dielectric properties of loess in the northwest of China and the imaging feature of the
moisture content of different strata were studied. The relative permittivity of loess with different moisture contents was
experimented in the laboratory. It was found that the relative permittivity of unsaturated loess was positively related to moisture
content. The relationship between relative permittivity and moisture content in different antenna frequencies of GPR was
analyzed. Electromagnetic wave reflection rules in the loess interface were studied using the numerical method with different
moisture contents. With the increase in moisture content, the amplitude of GPR was increased. When the above conclusions
were applied in the engineering practices, there are good effects to detect the defects of the road subgrade. It is a significant
guidance for determining the qualitative research of defects in the roadbed.

1. Introduction

Loess subgrade in the area of northwestern China often
appears to collapse, to settle, and to have other problems [1, 2].

So it is necessary to earlier detect the defects and
cavities in the road subgrade. Then, targeted prevention
and treatment will be applied, and the potential losses
caused by roadbed subsidence will be avoided. At present,
there are many kinds of nondestructive testing (NDT)
technologies of subgrade defect, for example, ground-
penetrating radar (GPR), hammer sounding, acoustic
tomography, falling weight deflectometer (FWD), and
time-domain reflectometry (TDR) [3]. Hereinto, GPR is
a kind of geophysical detection technology based on
electromagnetic wave, which is nondestructive, low-cost,
portable, effective, fast, and accurate [4]. The detection
principle of GPR is as follows: When the emitted electro-
magnetic waves (frequency range is 10–2200MHz) transmit
in the underground, the electromagnetic waves, arriving at

the interface of inhomogeneous permittivity, will produce
the phenomenon of reflection and refraction. And then, the
signals of reflected waves, that is, echo, can reflect the charac-
teristics of underground medium [5, 6]. As a nondestructive
testing technology, GPR has received more and more
attention [7–9].

The main wave characteristics of GPR data received by
sounding road pavement deformations were revealed by the
theoretical and experimental studies of subgrade soils of
roads [10]. In order to achieve the best methodology for
subgrade cracking detection, different GPR systems, both
antenna configuration and frequencies, were tested [11].
Experimental results from field and laboratory investigations
using a ground-coupled GPR, dielectric measurement, mag-
netic imaging tomography (MIT), and DCP tests were pre-
sented [12]. Several GPR methods and analysis techniques
were used to nondestructively investigate the electromagnetic
behavior of subasphalt compacted clayey layers and subgrade
soils in unsaturated conditions [13].
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At present, the study of permittivity of unsaturated loess
is few, and the direct measurement of the permittivity of
unsaturated loess by GPR has little result in this field. In this
paper, the empirical relationship between permittivity and
unsaturated loess moisture content was obtained by the
direct test with the different frequencies of the GPR antenna.
The mechanism and law of the GPR wave reflection imaging
in the unsaturated loess interface have been studied. The
above results were directly applied to detect defects in an
engineering project.

2. Dielectric Property of the Loess

2.1. Experimental Procedures and Test Parameters. In this
paper, loess is the object of the study. The GPR (SIR-3000
series, Geophysical Survey Systems Inc.) was employed to
measure the permittivity of loess in laboratory experiment.
The experimental procedures are the following:

(1) The soil samples were collected from a construction
site and sealed for later use.

(2) The soil samples were manually screened in order to
obtain the fine powder.

(3) The samples in which the moisture content was from
10% to 37% were prepared.

(4) The plane strain test apparatus was utilized for the
sample preparation. The size was 5 cm by 10 cm by
10 cm. The reaction frame was utilized for pressuring
samples. After 48-hour standing, the reaction frame
was used to compact samples. Then, the soil samples
were sealed in plastic bags.

(5) According to the sizes of the samples, the selected
antenna frequencies were 400MHz, 900MHz, and
2GHz, respectively. The soil samples were scanned,
and the data was collected.

(6) The measured data postprocessing was done by the
RADAN5 Software.

The devices in the experiment and the prepared soil sam-
ples are shown in Figure 1, and the antenna parameters of
GPR are shown in Table 1.

2.2. Test Principle of the Loess Permittivity. The calculation
model is shown in Figure 2. The travel time of the GPR wave

in the medium is also the object of the study. The reflection
positions of electromagnetic wave in the sample interfaces
are analyzed. Meanwhile, according to the travel time, the
actual wave velocity of the GPR wave can be calculated.

The electromagnetic waves propagate in the loess sam-
ples and reach the bottom of the sample after the travel time
Δt. Then, the reflected part of the electromagnetic waves will
propagate to the surface of the loess samples after the travel
time Δt and will be received by GPR equipment. The value
of the travel time Δt can be read from the scanning data of
the GPR. Meanwhile, the travel length of the electromagnetic
wave Δh can be directly measured by the size of the sample.
Therefore, the actual wave velocity of the electromagnetic
waves propagating in the loess samples can be calculated by
the formula v=Δh/Δt. The relative permittivity of the loess
samples can be calculated as follows:

εr = c
Δh
Δt 1

2.3. Calculation of the Permittivity. The soil samples were
scanned by the GPR antenna. The antenna frequencies were

(a) (b) (c) (d)

Figure 1: (a) Compacted equipment, (b) sample moulds, (c) GPR device, and (d) the prepared loess samples.

Table 1: The antenna parameters of GPR.

Frequency 2GHz 900MHz 400MHz

Emissivity 350 kHz 100 kHz 100 kHz

Ranges (ns) 12 20 40

Scanning speed (scan/s) 300 50 50

Gain 1 2 5

Air �휀0, �휇0

Incident
wave

Sample

Re�ected
wave

�휀r, �휇r

Δh = v ‧ Δt

Figure 2: Wave velocity calculation model of GPR.
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400MHz, 900MHz, and 2GHz, respectively. The measured
data was processed by the RADAN5 Software through filter-
ing the wave and removing the background noise. The data of
2GHz as an example are shown in Figure 3.

The different imaging features in the process of the elec-
tromagnetic wave propagation are shown in Figures 3(a)–
3(d). The reflected waves from 1ns to 3 ns are obvious,
due to the surface reflection of loess samples and self-
deconvolution of GPR wavelets. The propagation range
of the electromagnetic waves in the samples is mainly from
3ns to 6 ns. In this range, there is no obvious reflection of
electromagnetic wave. The electromagnetic waves keep good
damping characteristics. It is indicated that the samples are
relatively homogeneous. The reflected waves from 6ns to
8 ns are due to the reflection of the bottom surface of the sam-
ples. Because the change of soil moisture content directly
affects the soil permittivity, there must be differences in the
GPR images. Therefore, GPR reflection amplitudes increase
with the increase in moisture content of soil samples from
10% to 37%.

The permittivity of the samples with different moisture
contents via applying different frequencies can be calculated
by (1). The values of the permittivity are shown in Table 2.

For the same sample, different frequencies can induce
the different values of permittivity. The reason is that the
electromagnetic waves of different frequencies have differ-
ently impacted the intrinsic nature of loess permittivity.
Therefore, the same sample exhibits different test values
of the permittivity under different frequencies, which is
considered a standard and an important basis of the influ-
ence on antenna frequency.

3. The Relationship of Permittivity and
Moisture Content under
Different Frequencies

3.1. Experience Curves of Permittivity and Moisture Content.
(1) Topp formula [14], obtained by experiment fitting the
empirical cubic formula

εr = 3 03 + 9 3θv + 146 0θ2v − 76 6θ3v , 2
θv = −5 3 × 10−2 + 2 92 × 10−2εr − 5 5

× 10−4ε2r + 4 3 × 10−6ε3r ,
3

where εr is the permittivity and θv is the volume of moisture
content. In (2), the moisture content is used to calculate the
permittivity. On the contrary, the permittivity is used to
calculate the moisture content in (3).

(2) CRIM (complex reflective index model) [15] formula,
an arithmetic square root model

ε = 1 − ϕ εs + Swϕ εw + 1 − Sw ϕ εa 4

The subscripts s, w, and a represent the soil, water, and
air, respectively. φ represents the moisture content, and Sw
is on behalf of the moisture saturation. On the condition
that the water permittivity is 81 and the loess permittivity is
5, so (4) can be simplified as

ε = ϕ εm + 1 − ϕ εw 5

(3) Dobson [16] formula

εαsoil = 1 +
ρb
ρss

1 − εαss +mβ
v εαf w − 1 6
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Figure 3: (a–d) The GPR images of loess with the moisture contents 10%, 19%, 28%, and 37%, respectively.

Table 2: Loess permittivity with different moisture contents under
different frequencies.

Moisture content (%) εRADAN900 εRADAN400 εRADAN2G
10 4.06 3.96 5.21

13 4.82 4.26 6.01

16 5.98 5.78 7.12

19 6.99 6.65 8.93

22 8.98 8.37 10.98

25 11.43 10.86 12.88

28 13.21 12.56 14.98

31 15.43 14.77 17.12

34 18.12 17.36 19.57

37 20.98 20.32 22.23
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εsoil refers to the soil permittivity. ρb and ρss refer to
the densities of dry soil and soil skeleton, respectively.
Ess refers to the solid permittivity. mv refers to the solid
quality. Empirical coefficient α is 0.65 and β is 1.0~1.17
(from sandy soil to clay).

3.2. The Measured Permittivity Results under Different
Frequencies. The samples with different moisture contents
were tested by the antenna of 400MHz, 900MHz, and
2GHz. The scatter diagrams of the permittivity and moisture
content were fitted. The optimum fitting curves are shown
in Figure 4.

As shown in Figure 4, the experimental results are
near to the experiential fitting curves. It demonstrates the
correctness of the experimental results. Under the same fre-
quency of the GPR antenna, sample permittivity is increased
with the increase in moisture content. At the same time,
the permittivity of the sample with the same moisture
content is also increased with the increase in frequency.
The antenna frequencies applied in the experiment are
400MHz, 900MHz, and 2GHz, respectively. So the per-
mittivity of the antenna frequency of 400MHz is minimal,
and that of 2GHz is maximal.

There is a distance between the blue points and the
formula lines (black). It could be briefly analyzed as the
following. First, the GPRmethod is a nondestructive method.
So it is always less accurate than an empirical formula estab-
lished by an invasive method. Next, the GPR method is easily
subject to external disturbances.

The conjugate gradient method is used to describe the
mathematical relationship between the moisture content
and permittivity. Meanwhile, the linear models are estab-
lished according to the former testing data.

εr = 0 61 ⋅ θv + 1 58, f = 400MHz,
εr = 0 63 ⋅ θv + 1 81, f = 900MHz,
εr = 0 64 ⋅ θv + 3 18, f = 2GHz

7

The fitting calculation results show that the conjugate
gradient method can solve the correction factors well in one
dimensional model. And the model can be applied directly
to the practice and is a reliable tool for moisture content of
similar projects.

4. Numerical Simulation of the Interface
Reflection Mechanism of Unsaturated Loess

Compared with the experimental method, an ideal effect of
wave propagation can be received by the numerical simula-
tion method. The numerical method can avoid the defects
of the test method, such as inhomogeneous medium,
uneven compaction degree of large-scale samples, and mea-
surement error. In this section, imaging features of different
permittivity values were comparatively analyzed. Further,
the influence of the dielectric constant on radar echo wave-
form was studied.

4.1. Geoelectric Model of Interface Reflection of Unsaturated
Loess. GprMax2.0 software is used for numerical simulation

in this article. GprMax is open-source software that simu-
lates electromagnetic wave propagation. It solves Maxwell’s
equations in 3D using the finite-difference time-domain
(FDTD) method. GprMax was designed for modelling
GPR [17–19].

The geoelectric model of shallow loess was designed
according to the waveform comparison. Keeping the other
parameters held, the influence of permittivity on GPR imag-
ing was investigated and the quantification of the echo wave-
form was deeply analyzed. The schematic diagram of the
specific geoelectric model is shown in Figure 5.

The horizontal distance of this model is 2.0m. The depth
is 0.7m. The cell size is 0.0025m by 0.0025m. The time depth
is 20ns. The parameters of the first layer are as follows. The
permittivity is 0. The electrical conductivity is 0.00 S/m. The
thickness of the first layer is 30 cm. The permittivity values
of the second layers are 5, 10, 20, 30, 40, and 50, respectively.
The electrical conductivity is 0.00001 S/m. The thickness of
the second layer is 0.4m. The wavelet frequency is set as
900MHz. The excitation source is the Ricker wavelet. In
the numerical simulation, there are 180 step calculations
and each step calculation contains 3391 times.
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CRIM
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f = 900 MHz
f = 2 GHz
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Figure 4: The experiential fitting curves and experimental results of
the loess with different moisture contents under different
frequencies (the black symbols represent the experiential results,
and the blue symbols represent the experimental results).
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Figure 5: The schematic diagram of the numerical model of
unsaturated loess.
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4.2. The Amplitude Rule of Reflected Wave on Different
Permittivity Layers. According to the above numerical calcu-
lation, the reflected characteristics of the GPR waves in differ-
ent moisture content interfaces can be observed. The
permittivity values of the grassroot level of unsaturated loess
were set as 5, 10, 20, 30, 40, and 50, respectively. Then, the
simulate calculation was done. The stratigraphic sections
were obtained and shown in Figure 6.

In Figure 6, the interface reflection trend of permittivity is
obvious. The reflection amplitude shows an increasing trend
at the position of 3 ns. It is indicated that the interface inflec-
tion obviously increases with the increase in the moisture
content. But it cannot give quantitative descriptions only
from the stratigraphic sections. So it is necessary to compar-
atively analyze the amplitude value.

The method extracts the single wave in the forward
modeling data. Obviously, the interface reflection interval is
presented as the characteristics of “positive-negative-
positive.” This dissertation applies the data of peaks and
troughs, as shown in Figure 7.

In Figure 7, the first crest of the echo curves of interface
reflection appears when STEPS=490. The wave trough
appears when STEPS=545, and the absolute value of the
wave valley is the maximum point of the reflection ampli-
tude. With the increases in moisture content on the interface,
the reflection amplitudes of GPR are enlarged accordingly.
There is a clear mathematical relationship between the
maximum reflection amplitude and permittivity of medium.

The amplitude values of interface reflection are shown
in Table 3.

From the wave amplitudes in Table 3, it can be clearly
seen that the absolute values of the maximum amplitude
and minimum amplitude are increased, respectively, with
the increase in the permittivity of the loess.
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Figure 6: (a–f) The GPR imaging of the subgrade of unsaturated loess when εr are 5, 10, 20, 30, 40, and 50, respectively.

Calculation steps
400

300

200

100

A
m

pl
iti

on
 (m

V
)

−100

−200

−300

−400

−500

0

450 400 550 600 650 700

eps = 5
eps = 10
eps = 20

eps = 30
eps = 40
eps = 50

Figure 7: Single waves of unsaturated loess interface echoes.

5Journal of Sensors



Therefore, the mathematical relation between the reflec-
tion amplitude of loess interfaces and permittivity is obtained
and shown as follows.

Peak Apeak = −0 08εr2 − 7 04εr + 100 42,

Trough Atrough = 0 12εr2 − 10 79εr − 176 5
8

Based on the result of numerical calculation, the empiri-
cal correlation of the reflection amplitude and permittivity is
shown in Figure 8.

5. Actual Measurements and Analysis of Loess
Roadbed Diseases

5.1. Project Overview. The Bin He Road built in 2013 is iso-
lated on the south of Wei He River in Baoji city, China.
The road was established on the site of the river bed post,
and the foundation is roller-compacted loess. In 2016, sewage
pipes were laid at the depth of 10 meters below the surface
using the straight push method. And then, poor geological
disasters arise, such as surface collapse and surface subsi-
dence. The specific positions are pinpointed in Figure 9.

5.2. The GPR Sections of the Subgrade before and after Road
Maintenance. According to the practical situation in the
spot, the pavements above the sewage pipe were scanned
directly using the 200MHz and 400MHz antenna, respec-
tively. The testing purpose is to identify the subgrade of
the abnormal area which is located between the road sur-
faces and pipes. Furthermore, the hidden area of risk will
be repaired early, and the sinking or void of the road will
be avoided.

The geological sections of 40m length at the horizon-
tal distance between point 360 and point 380 of the Bin
He Road were extracted. The GPR grams of the subgrade
before and after road maintenance are shown in Figures 10
and 11, respectively.

These comparison sections show the profile of before
and after maintenance using the GPR antenna of 200MHz.
Figure 10(a) shows the obvious points, such as D1, D2, D3,
D4, D5, and D6. Hereinto, D2 and D5 are near-surface
reflection anomalies. Both of them belong to very serious
potential hazards. The reflection signal intensity curves of
D1 were inferred as water-rich drawbacks (refer to the laws
of Section 4.2).

To avert disasters, the test results were immediately sent
to the administration. The measured locations were repaired.
And then, the former areas were measured again. The geolog-
ical sections are shown in Figure 10(b). The consolidated
methods were timely taken, and the dangerous situation of
D2 and D5 disappeared. In the meantime, the foundation
of D1 and D4 was also consolidated and compacted.

These comparison sections show the profile of before and
after maintenance using the GPR antenna of 400MHz.
Figure 11(a) shows the obvious points such as d1, d2, and
d3. Hereinto, d2 and d3 are near-surface reflection anomalies
corresponding to the D2 and D5 in Figure 10(a). In the sim-
ilar way, d1 corresponds to D1. Apparently, there are certain
differences in estimating depth and radius of the targets by
different frequency antennas.

According to the specific points to find out the defect and
repaired, there is no remarkable abnormality as shown in
Figure 11(b). Timely detection and maintenance of the road-
bed are effective ways to enhance the integrity and stability of
the subgrade. The hidden trouble of the structure can be
detected in time, and accident can be avoided by the damage
detection and diagnosis.

The antenna of GPR has a constraint condition they must
simultaneously satisfy: detecting depth and detecting preci-
sion. In general, the bigger the value of the principal frequency,
the smaller the detecting depth. By comparing the quantity of
the target exposed in Figures 10 and 11, it can be seen that the
measurements using the 200MHz GPR antenna are more
accurate. And the antenna frequency change plays a vital role
in the precision, which reflected the general rule.

The field excavation of the D1 point is shown in
Figure 12.

The point D1 excavation verifies that the anomaly char-
acteristics of the GPR imaging accord with the true position
of the subterranean cavitation. The horizontal position about
360 meters has a cylindrical hole about 1m in diameter and
1m deep. This shows that geophysical methods have prompt,
high-precision, and nondevastating advantages in environ-
mental protection.

Table 3: Reflection amplitude under different moisture contents on the loess interface.

εr= 5 εr= 10 εr= 20 εr= 30 εr= 40 εr= 50

Amplitude maximum 124.37 173.19 214.77 235.61 248.89 258.37

Amplitude minimum −212.89 −288.34 −351.61 −383.03 −402.97 −417.21
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Figure 8: Amplitudes of unsaturated loess interface echoes.
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6. Conclusions

Through the research on the loess permittivity at different
moisture contents and the influence of the antenna
frequency on the loess permittivity, the conclusions are
as follows:

(1) The experiment and comparison results show that
the loess permittivity increases along with the
broadening of moisture content in the loess soil.
In addition, the same sample produces different per-
mittivity values under different frequencies, and the

loess permittivity increases when the frequencies are
increased.

(2) With the increase in the moisture content in unsatu-
rated loess, the permittivity and the interface reflec-
tion amplitudes markedly improved. There is a
corresponding increase in the absolute value of the
maximum amplitude and the minimum amplitude
of the reflection amplitudes with increasing permit-
tivity. And then, this law is established.

(3) From the study of characteristics of the loess permit-
tivity and the interfacial reflection, we can gain some
understanding of actual detection. Systemic discusses
with the geology flaw recognition and flaw measure-
ments have been made.

Figure 9: Location of the project.

Before road maintenance 

360 365 370 375 380 

D1 

D2 

D3 
D4 

D5 

D6 

(a)

A�er road maintenance 

360 365 370 375 380 

D3’ 

(b)

Figure 10: (a) GPR sections by the 200MHz antenna before road
maintenance. (b) GPR sections by the 200MHz antenna after
road maintenance.
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Figure 11: (a) GPR sections by the 400MHz antenna before road
maintenance. (b) GPR sections by the 400MHz antenna before
road maintenance.
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Heavy-haul railway bridges play an increasingly essential role in the transportation in China due to the increasing transport
volume. The performance deterioration of the scale models of a typical heavy-haul railway bridge under fatigue loading is
monitored in this work, based on a multisensor system including the fiber-reinforced polymer optical fiber Bragg grating and
electrical resistance strain gauges, linear variable displacement transducer, and accelerometer. Specifically, by monitoring/
observing on the failure mode, fatigue life, load-midspan deflection response, material strain development, and so forth, this
work develops an S-N model by comparing the relationship between fatigue life and rebar stress range with that between fatigue
life and load level and proposes a damage evolution model considering the coupling of the stiffness degradation and inelastic
deformation of specimens. It is found that the fatigue life of specimens is determined by the fatigue life of the rebar at the
bottom and it may be lower than 2.0 million cycles with a 30-ton axle weight when environmental factors are taken into
account. The predictions of the models agree well with experimental results. Therefore, this work furthers the understanding of
the fatigue performance deterioration of the bridges by using a multisensor system.

1. Introduction

It is required to observe on the performance deterioration of
heavy-haul railway bridges under fatigue loading due to the
increasing transport volume and train axle weight of trains
in China [1–3]. Specifically, the train axle weight is being
increased from 23 tons to 30 tons and the transport volume
is also being developed with the growing traffic requirement.
Further, it may result in the serious performance deteriora-
tion of the bridges, such that the designed prestressed beam
may be changed into a partially prestressed beam, the perfor-
mance may be degraded in a short time, consequently, the
fatigue life may be reduced obviously, and so forth.

As an essential method, the experimental investigations
in the literature are generally able to be concluded in the
following three aspects: the investigation on the fatigue per-
formance deterioration of the reinforced concrete (RC)
beams or strengthened RC beams [4–7], the investigation on
that of the partially prestressed concrete (PC) beams [8–14],
and the investigation on that of the heavy-haul railway

bridges [15–17]. For example, Zhang et al. [8] observed on
the partially PC beams with corroded rebars and found out
that the fatigue life of the beams decreases and the rate of
the stiffness degradation and the midspan deflection develop-
ment grows with the corrosion ratio increasing. Additionally,
the researchers conducted other investigations on the partially
PC beams and drew some conclusions such that [9–14] the
fatigue failure of the beams begins from the fatigue fracture
of the rebar at the bottom, which determines the fatigue life
of the beams and the maximummidspan deflection increased
by 10%~20% to failure than that in the initial case and so forth.
Furthermore, according to the investigation on the fatigue
performance deterioration of the heavy-haul railway bridges,
firstly, an S-N model [15] is developed considering the rebar
stress range—fatigue life relationship and stress ratio (the
ratio of initial stress range to stress range to failure)—and
fatigue life relationship, by observing the scale model of
bridges under fatigue loading. Secondly, Luo et al. [16] inves-
tigated on the variation of the midspan deflection, the stiff-
ness, and the material strain during the fatigue life and
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developed a simplified analysis method on the variation,
based on the scale model experiments; literature [15] devel-
oped a stiffness degradation model and a related damage
evolution model.

However, initially, the investigation results in literature
[4–14, 16] are generally not applicable to the performance
deterioration of the heavy-haul railway bridges (i.e., PC
beams), due to the different material/structural parameters
or fatigue loading. For example, literature [4–7] observed
on the performance deterioration of the RC beams but not
PC beams, literature [8–14] focused on that of PC beams
with rectangular sections [8–10, 12, 14] or different dimen-
sion T-type sections [11, 13] compared with the typical
heavy-haul railway bridges of T-type sections, and literature
[16] analyzed that of unbonded PC beams rather than the
bonded bridges. Additionally, for the S-N model in literature
[15], no explanations for the relationship between the stress
ratio and the fatigue life were given, which caused approxi-
mately 20% relative errors for the resulted predictions in
nearly half cases. Furthermore, the predictions of the perfor-
mance deterioration models in literature [15] are not accu-
rate enough (the relative error of 40% approximately of the
predictions is higher than 20%), and the damage evolution
[15] did not consider the coupling of the stiffness degradation
and the residual/inelastic deformation development, which
are two essential mechanical behaviors of the bridges.

Therefore, the aim of this work is to develop a comprehen-
sive and accurate S-N model by comparing the relationship
between the fatigue life and the rebar stress range with that
of the fatigue life and the load level and to propose a damage
evolution model considering the coupling of the stiffness
degradation and inelastic deformation, by monitoring/
observing on the failure mode, the fatigue life, the load-

midspan deflection response, the material strain develop-
ment, and so forth, using a multisensor system. Specifically,
the comparison will be conducted to analyze the influence
of the key factors on the fatigue life of the bridges. With this
methodology, the developed S-Nmodel is more considerable
than that in literature [15–17]. Additionally, the coupling of
the stiffness degradation and inelastic deformation will be
taken into account to better understand the performance
deterioration of the bridge and to characterize the fatigue
behaviors more accurately than that in literature [15–17].

This work monitors the performance deterioration of the
scale models of a typical heavy-haul railway bridge in China
under fatigue loading based on a multisensor system,
analyzes the results of the failure mode, the fatigue life, the
load-midspan deflection response, the material strain devel-
opment, and so forth, and further develops an S-N model
and a damage evolution model to better understand the
fatigue performance deterioration of the bridge.

2. Materials and Methods

2.1. Specimen Details. The specimen is designed based on
a typical heavy-haul railway bridge, the simply supported
PC beam with T-type section and 32m span, which
follows the design standard of 2059F [1–3, 15]. And it
satisfies the requirement of the mechanical similarity
between the specimen and the standard beam. Therefore,
12 specimens (the 1 : 6 scale models) are designed and made
considering the similarity, the manufacture scale accuracy,
and the experimental practicability (see details in Figure 1
and Table 1).

Additionally, the details of thematerials are as follows. The
mixture ratio of concrete is such that cement :water : sand :
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Figure 1: Details of specimens (unit : mm).

Table 1: Parameters of specimens.

Length l (mm) Span l0 (mm) Depth h (mm) Web width w (mm) fcm (MPa)
Prestressed steel strand (7φ5)

fpk (MPa) Bundle Strands per bundle

5500 5300 417 80 53.6 1860 1 2
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aggregate : admixture=380 : 155 : 720 : 1084 : 120 (unit : kg/m3).
The cement is Portland cement of P.II 42.5 R, the water is tap
water, the aggregates are crushed limestone with diameters of
approximately 5~20mm, the sands are middle grain sands,
the mineral admixtures are mineral powder of S95 and fly
ash, and the water-reducing agent is named as NoF-II with
admixture quantity of 5.15 kg/m3. The concrete strength is
in the range of 44.0–66.0MPa, and its mean value is
53.6MPa. The mechanical property of the reinforced steel
is tested following the Chinese standard [18] and listed
in Table 2.

Furthermore, the prestressed steel strands are tensioned
on both beam ends after a curing of 28 days, anchored at
the ends, and sealed with the cement grouting. To reduce
the influence of shrinkage and creep of concrete, all speci-
mens have been stored in the laboratory for more than
six months.

2.2. Experimental Setup. The four-point bending loading
method is applied in the experiment (Figure 2), with the

loading points calculated by the wheelbase of the train
[1–3]. Two specimens are employed to test the static ultra-
load Pu and make sure the specimens are designed as the
reinforced beams, and the other 10 specimens are used to
be investigated on the fatigue performance deterioration
(see Table 3).

The fatigue loads are calculated as follows. Initially, the
minimum load Pmin is estimated by the equivalent bending
moment of the scale model compared with the standard beam
under static load, considered an increasing 20% of the load
due to the replacement of the former lighter sleepers by new
heavier ones (Table 3). Furthermore, the maximum load Pmax
is estimated by the equivalent bending moment under both
static and live loads, that is, the basic maximum load is
Pmax = 62.2 kN with the load level L=Pmax/Pu = 0.35 in
Table 3. The other maximum loads are Pmax = 0.40Pu,
0.45Pu, 0.50Pu, 0.55Pu, and 0.60Pu, with load levels L=0.40,
0.45, 0.50, 0.55, and 0.60 in Table 3, taking into account a
higher quality of the specimens compared with the standard
beams on site.

Table 2: Mechanical property of reinforced steel.

Steel type
Nominal diameter

d (mm)
Yield strength

fy (MPa)
Strength
fu (MPa)

Elastic modulus
Es&p (GPa)

Q235 8 310.0 455.0 211.0

HRB335 10 405.0 575.0 203.0

Steel strand 1860 15.24 1795.0 1929.0 196.0

100 1002100 1100 2100

P

Figure 2: Experimental setup (unit : mm).

Table 3: Details of specimens and loading conditions.

Specimen
Loading (kN)

FRP-OFBG
Fatigue life (106)

Pmin Pmax ΔP Pu L= Pmax/Pu (−) Nf N0.2

Number 1 — — — 158.6 — Yes — —

Number 2 — — — 180.0 — No — —

Number 3 27.2 90.6 63.4 — 0.60 Yes 0.917 0.480

Number 4 27.2 82.7 55.5 — 0.55 Yes 1.405 0.951

Number 5 27.2 74.7 47.5 — 0.50 Yes 1.769 1.100

Number 6 27.2 66.8 39.6 — 0.45 Yes 2.162 1.252

Number 7 27.2 62.2 35.0 — 0.35 Yes 2.107 1.830

Number 8 27.2 85.4 58.2 — 0.50 No 2.690 2.077

Number 9 27.2 76.4 49.2 — 0.45 No 3.676 3.251

Number 10 27.2 62.2 35.0 — 0.35 No 4.646 3.256

Number 11 27.2 62.2 35.0 — 0.35 No 3.497 2.876

Number 12 27.2 62.2 35.0 — 0.35 No 2.954 2.751
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2.3. Multisensor System. The multisensor system consisted of
the strain sensors, the static and dynamic deflection/displace-
ment sensors, and the correspondingdata acquisition systems,
in order to monitor the performance deterioration of the
bridges under fatigue loading. The details of the system
are as follows.

Initially, the strains of the concrete, rebar, and prestressed
strand on the midspan were monitored by using the smart
fiber-reinforced polymer (FRP) and electrical resistance
strain gauges. The smart FRP is named as the FRP optical
fiber Bragg grating (FRP-OFBG, Table 3) and it was used as
a reinforcement and strain sensor with a resolution of 1 με
in this work. In detail, it is one of the new smart optical-
fiber-sensor-based structures combined with FRP (e.g.,
FRP-OFBG composite rebar, boards, tubes, and sheets), and
it is developed by the research groups of fiber sensors for
structural-health monitoring in Dalian University of Tech-
nology and Harbin Institute of Technology. The FRP-
OFBGs generally can act simultaneously as strain sensors
and reinforcing components and can detect slips and cracks
in RC structures. They are characterized by small dimen-
sions, good resolution and accuracy, excellent durability, a
wide range of operating temperature, and good signal
transmission over long distances. For the purpose of strain
monitoring, the force transferred from the host material to
the grating region of the fiber core causes the length of the
grating region to change and the refractive index of the core
section to vary accordingly. When the light is illuminated
from the broadband source via the coupler, part of this light
is reflected back to the coupler and the reflected wavelength is
detected by the optical spectrum analyzer. The strain varia-
tion in the grating region is then simply determined by
measuring the change in the reflected wavelength from the
FRP-OFBG sensor. These sensors have been shown to pos-
sess a linear relationship between the strain and the reflected
wavelength shift, provided that the elastic deformation limit
of the fiber is not exceeded.

Additionally, the linear variable displacement transducer
(LVDT) and the accelerometer of type 891-II were used to
monitor the static and dynamic deflections, respectively, on
the midspan, the points on 1/4 span from the supports, and
two supports. The resolution of the accelerometer is
1 × 10−7mm, the measurement range is 0–70mm, and the
effective frequency range is 1–100Hz.

Therefore, the multisensor system used in the test is char-
acterized by good resolution and accuracy and excellent
durability for monitoring the performance deterioration of
heavy-haul railway bridges under fatigue loading. By using
this system, it is able to monitor the performance deteriora-
tion in the aspect of both structural response and material
degradation and further to better understand the mechanism
of the deterioration.

3. Experimental Results

3.1. Static Experimental Results. The static experiments were
conducted after the standard for test method of concrete
structures (GB50152-92) [19]. The experimental results ver-
ified that the designed beams were reinforced beams with a

typical bending failure mode. Additionally, the static ultra-
load Pu of the specimen numbers 1 and 2 is listed in
Table 3. Since the FRP-OFBG in specimen number 1 has a
lower mechanical property than that of the steel strands in
specimen number 2, the specimen number 1 obtains a lower
scalar of Pu. Therefore, the load level of the specimens in
the fatigue experiments is calculated by the static ultraloads
with/without FRP-OFBG (Table 3).

3.2. Fatigue Experimental Results

3.2.1. Failure Mode. All specimens under fatigue loading
obtained the same failure mode such that the failure of the
rebars at the bottom started the specimen failure. Further-
more, the dominant cracks are located at two positions
approximately the midspan and the loading point for speci-
men numbers 3, 4, 6, 9, and other specimens.

3.2.2. Fatigue Life. Since the bridge is estimated to be under
serviceability limit state when there is a crack with a width
of 0.2mm, after the code TB10002.3-2005 [20], the allowable
fatigue life (N0.2) is defined as the cycle number when the
width of a crack reaches 0.2mm of the specimen. Further-
more, the fatigue life (Nf) is defined as the cycle number
relating to the first failure of the rebar.

Therefore, N0.2 and Nf are listed in Table 3. And the
linear relationship between N0.2 and Nf is proposed such
that (Figure 3)

N0 2 = 0 780N f 1

3.2.3. Midspan Deflection. The variation of midspan deflec-
tion depending on the cycle number is obtained and the
typical results are plotted in Figures 4(a) and 4(b). It is found
that the response of load-midspan deflection is almost linear
and the slope of the response varies depending on the cycle
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number in three stages: quickly reducing, slowly reducing,
and quickly reducing again.

Furthermore, the variation of the maximum, minimum,
and amplitude of the midspan deflection depending on
the cycle number also experiences a three-stage process
(Figures 4(c)–4(e)).

3.2.4. Material Strain Development. Observing on the var-
iation of material strain development and its amplitude
depending on the cycle number in Figure 5, it is found
that they experience the three-stage process. Specifically,
the material strain development and its amplitude on the
midspan develop in a three-stage process of the increasing
rate: quickly increasing, slowly increasing, and quickly
increasing again.

4. Discussion

4.1. S-N Model. The relationship between load level and
fatigue life (L-N) and the relationship between load range
and fatigue life (ΔP-N) are plotted in Figures 6 and 7, respec-
tively, based on the results listed in Table 3. And the results of
ΔP obtain a better linear dependence on N in Figure 7 than
that on L in Figure 6, which may be due to the initial elastic
response of the rebar at the bottom Δσ caused by the load
rangeΔP (see the linear relationship ofΔσ-ΔP in Figure 7(c)).

Additionally, observing on the typical S-N relationship,
that is, the relationship between the stress range (or its
denary logarithm) of the rebar at the bottom and the cycle
number in Figures 8(a) and 8(b), the S-N model by fitting
the experimental results is obtained such that

Δσr = 2149 32 − 308 69 lgN f , 2

lg Δσr = 6 446 − 0 661 lgN f 3

Equations (2) and (3) show that the fatigue life of
specimens is determined by the fatigue life of the rebar at the
bottom, which agrees with the experimental results in litera-
ture [8–15]. The fatigue life of specimens decreases when the
stress range (or its denary logarithm) of the rebar increases.

Furthermore, the S-N model in (2) or (3) is able to be
used to predict the specimen fatigue life considering the
stress range of the rebar. The predictions are plotted in
Figure 8(c), comparing with the predictions of other S-N
models [10, 21, 22].

Figure 8(c) illustrates that, firstly, the predictions of the
model in this work are more agreeable with the experimental
results than those of other models [10, 21, 22]. Secondly,
though the models [10, 22] predict a close fatigue life
(Nf ≈ 200× 106) when the stress range of the rebar
σr≈ 200MPa, the model proposed in this work predicts a
lower fatigue life when Δσr< 200MPa, and a higher fatigue
life when Δσr> 200MPa, compared with that of the other
models [10, 22]. The reason can be concluded that the perfor-
mance deterioration of the specimens supplies a specific
stress state variation for the rebar at the bottom in this work
which is different from that in literature [10, 22], due to the
different processes of material degradation (e.g., the concrete
degradation caused by fatigue cracks [10, 23–26], the pre-
stressed strand degradation resulted from fatigue plasticity
[27]), specimen stiffness degradation and curvature variation
[8–14], and so forth. Thirdly, the corrosion of the rebar gen-
erally results in an obvious reduction of specimen fatigue life
[4, 6, 8, 21]. It causes an obviously lower fatigue life predicted
by the model [21] compared with that by the other models
(Figure 8(c)); therefore, the corrosion of rebar influences
the fatigue life of the bridge.

4.2. Damage Evolution Model. It is found that the slope of the
P-f response (i.e., the specimen stiffness) decreases and the
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residual midspan deflection (i.e., the specimen residual/
inelastic deformation) develops with the increasing of the
cycle number, by observing on the P-f response in
Figures 4(a) and 4(b). Therefore, an elastic damage variable
De according to specimen stiffness degradation and an inelas-
tic damage variable Di responding to specimen inelastic
deformation are defined, respectively, in this work, such that

De =
Pde
P0

= f de
f
, 4

Di =
Pdi
P0

= f di
f
, 5

where Pde and Pdi denote the elastic and inelastic damage-
caused load reductions, respectively (similar to the elastic
and inelastic damage-caused stress reduction, respectively
in literature [24, 25]); fde and fdi denote the elastic and
inelastic damage-caused midspan deflections, respectively;
P0 denotes the idealized load without damage in the speci-
men (similar to the effective stress [24, 25]); f denotes the
total midspan deflection.

Further, a (total) damage variable D is defined as follows:

D =De +Di =
Pde + Pdi

P0
= f de + f di

f
, 6
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where the relationship between De and the current specimen
stiffness E is expressed such that

E =De 1 −Di E0 =DEE0, 7

where De denotes the elastic damage variable in the total
midspan deflection space, DE denotes the elastic damage var-
iable in the elastic midspan deflection space fE (fE = f − fdi).
Comparing with the damage variable DE based on the

specimen stiffness degradation in literature [9, 15], the
damage variable D in this work is more considerable for its
characterization of the coupling of stiffness degradation and
inelastic deformation.

Thus, the damage evolution is obtained in Figures 9(a)–
9(c). Figures 9(a)–9(c) illustrate that the damage evolution
and elastic damage evolution (i.e., D-N and De-N) experience
a three-stage process; however, the inelastic damage evolu-
tion Di-N experiences only a two-stage process: the initial
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Figure 9: Damage evolution, its related parameters (e.g., Df, De,f, A, and k), and predictions.
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linearly increasing and the subsequent increasing with a
reduced rate.

The damage variable and the elastic damage variable to
the fatigue failure are defined as Df and De,f, respectively.
The stochastic damage evolution of materials [21, 24] gener-
ally caused the existence of the stochastic damage evolution
of the bridges; hence, considering the shortage of statistical
experimental results and the unavailability of stochastic
analysis methods of the bridges, for simplicity, the variables
(Df and De,f) are assumed to be linearly dependent on the
load level L (Figure 9(g)), as follows:

Df = 0 474 + 0 428L, 8

De,f = 0 388 + 0 445L 9

This assumed that the linear relationship will be verified
or improved in the future with the help of further experimen-
tal results and stochastic analysis methods.

Additionally, by investigating on the damage evolution in
Figure 9(a), it is concluded that the relationship of D-N
during the second stage is linear with an equal slope
(Figure 9(e)), such that

D = A + B ⋅N , 10

where A denotes the damage variable D1 after the first cycle,
that is,D1 =A (see Figures 9(a), 9(e), and 9(f)), and B denotes
the slope of the D-N relationship. In this work, A is proposed
to follow the equation such that

A = −0 618 + 2 062L 11

And it is assumed that B=0.109 (Figure 9(e)).
Furthermore, since it is found that the elastic damage var-

iableDE,1 after the first cycle is approximately proportional to
the damage variable D1 (see Figures 9(a) and 9(b)); it is
proposed that DE,1 follows the equation such that

DE,1 = kD1 = kA 12

And the slope ofDE-N relationship during the second stage is
assumed to be BE = 0.1∗ B=0.0109≈ 0.011 (Figure 9(j)), by
investigating on the elastic damage evolution in Figure 9(b).

Therefore, the damage evolution (i.e., D-N, DE&e-N, and
Di-N) is able to be predicted by the proposed models in (8),
(9), (10), (11), and (12) in Figures 9(i), 9(g), and 9(j); further,
the P-f response of the specimen is also able to be pre-
dicted in Figure 9(k). Figures 9(i), 9(g), 9(j), and 9(k) illustrate
that the proposed damage evolution model is verified to be
effective to characterize the damage evolution andmechanical
response of the specimen, by comparing the predictions with
the experimental results.

4.3. Performance Deterioration of Heavy-Haul Railway
Bridges under Fatigue Loading. Based on the above investiga-
tion and analysis, it is concluded as follows.

Initially, according to the fatigue life, it is necessary to
strengthen the heavy-haul railway bridge with a consider-
ation of the environmental effects. In detail, Figure 8 and
(2) show that the bridge subjected to the train loading
with a 30-ton axle weight (i.e., Δσr≈ 120MPa) satisfies

the fatigue life requirement of the Chinese standard [20]
(i.e., Nf ≈ 10

6.57≈ 3.7× 106> 2.0× 106). However, consider-
ing the environmental effects, such as the corrosion of
rebar/prestressed strand, especially taking into account
the negative effects of the low quality of concrete casting,
and so forth, the coupling of train loads and environmental
effects generally highly reduces the fatigue life of the bridge
compared with that only of train loading [4, 6, 8, 21]
(see Figure 8(c)).

Furthermore, relating to performance deterioration, the
conclusion is obtained from Figures 9(a)–9(c), 9(i), and 9(j)
as follows. Firstly, the damage evolves linearly to D≈ 0.4 dur-
ing the second stage (i.e., 10%Nf~80%Nf), when the coupling
of stiffness degradation and inelastic deformation is taken
into account. Secondly, the stiffness reduces slowly and line-
arly to 80% of the initial stiffness (according to the elastic
damage variable DE≈ 0.2, see Figures 9(b) and 9(j)), and the
residual midspan deflection reaches to 2.0mm (relating to
the inelastic damage variable Di≈ 0.2, see Figures 4 and
9(c)), when the bridge is subjected to the train loading with
a 30-ton axle weight. Thirdly, the ratio of the specimen
maximum midspan deflection of N≈ 3.0× 106 to the initial
maximum deflection is 150% (fmax is 12.0mm and 8.0mm,
resp.), and it is 250% to fatigue failure (fmax is 20.0mm and
8.0mm, resp.), when the bridge is subjected to the train load-
ing with a 30-ton axle weight. Fourthly, by applying the
mechanical similarity mentioned in the specimen design
section, it is speculated that the residual midspan deflection
for the bridge on site is fr≈ 2.0× 6=12.0mm, when the
bridge is subjected to the train loading with a 30-ton axle
weight experiencing cycle number N≈ 3.0× 106. Therefore,
the performance deterioration of the bridge may cause
serious traffic safety problems, especially considering the
dynamic coupling of the train and the bridge [28, 29].

5. Conclusions

This work monitored the performance deterioration of the
scale models of a typical heavy-haul railway bridge under
fatigue loading, analyzed the results of the failure mode,
the fatigue life, the loads–midspan deflection response
and the materials strain development, and so forth, by
using a multisensor system, and further developed the
comprehensive S-N model and the damage evolution model
considering the coupling of stiffness degradation and
inelastic deformation. The conclusions are able to be drawn
as follows:

(1) By comparing the relationship between the fatigue
life and the rebar stress range with that of the fatigue
life and the load level, the S-N model was developed
in this work obtaining more comprehensive and
accurate predictions. The fatigue life of the specimens
is determined by the fatigue life of the rebar at the
bottom. The fatigue life of the bridge subjected to
the train loading with a 30-ton axle weight may be
lower than 2.0× 106 cycles when the environmental
factors are taken into account.
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(2) The damage evolution model considered the cou-
pling of the stiffness degradation and the inelastic
deformation development is more reasonable than
not. The predictions agree with the experimental
results. The damage evolution obtained a three-
stage process with a constantly sloped linear develop-
ing during the second stage.

Therefore, this work furthers the understanding of the
performance deterioration of the heavy-haul railway bridge
under fatigue loading. And itmay also be able to helpmaintain
and monitor the other partially prestressed concrete beams.
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This paper presents a water level sensing method using guided waves of A0 and quasi-Scholte modes. Theoretical, numerical, and
experimental studies are performed to investigate the properties of both the A0 and quasi-Scholte modes. The comparative study of
dispersion curves reveals that the plate with one side in water supports a quasi-Scholte mode besides Lamb modes. In addition,
group velocities of A0 and quasi-Scholte modes are different. It is also found that the low-frequency A0 mode propagating in a
free plate can convert to the quasi-Scholte mode when the plate has one side in water. Based on the velocity difference and
mode conversion, a water level sensing method is developed. For the proof of concept, a laboratory experiment using a pitch-
catch configuration with two piezoelectric transducers is designed for sensing water level in a steel vessel. The experimental
results show that the travelling time between the two transducers linearly increases with the increase of water level and agree
well with the theoretical predictions.

1. Introduction

In power plants, monitoring the water levels in core facilities,
such as the boiler steam drum, condensers, and cooling pipes,
is critical for the safety and economical operation of power
plants. Hence, there is a need to develop nondestructive
technologies for high-precision, high-reliability, real-time
monitoring of water levels in steel vessels. Ultrasonic guided
waves have opened new opportunities for cost-effective non-
destructive evaluation (NDE), because they can reveal small
features related to the interaction between guided waves
and structures and provide considerable information about
the structures [1–4]. When a solid waveguide is immersed
in water, the traction-free boundary condition changes and
the wave propagation in the solid will change accordingly.
When a free plate is immersed in water, the out-of-plane dis-
placement in the plate can transmit into the water through
the plate-water interface [1]. Worlton [5] extended the Lamb
theory by using experimental observations and derived

the dispersion curves for aluminum and zirconium plates.
Bingham et al. [6] used ultrasonic guided waves to identify
the mass loading on ship hulls. Na and Kundu [7] detected
gouges and dents in an underwater pipeline using guided
waves. Chen et al. [8] developed a damage identification
approach using the A0mode for evaluating corrosion damage
in submerged structures. Koduru and Rose [9] utilized an
array of permanently mounted transducers to detect defects
and avoid the influences from external environmental condi-
tions, for example, water loading and temperature change.
Pistone et al. [10] performed experimental studies using a
pulsed laser for structural health monitoring of immersed
aluminum plates. Yapura and Kinra [11] derived dispersion
equations for a fluid-solid bilayer and then presented a
numerical result for a water-aluminum bilayer. Baron and
Naili [12] studied the fluid-loaded anisotropic and homo-
geneous plane waveguide with two different fluids on each
side using an analytical approach. Yu and Tian [13] used a
scanning laser Doppler vibrometer for measuring quasi-
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Scholte waves in one-side water-immersed plates. Banerjee
and Kundu [14] developed the distributed point source
method (DPSM) to simulate the ultrasonic wavefields at
the fluid and solid interface; their method can also be used
to calculate the pressure, velocity, and displacement fields
in the fluid.

For power plants, the frequently used water level mea-
surement methods include the differential pressure gauge
[15], ultrasonic level meter [16, 17], and radar level gauge
[18]. For the differential pressure gauge, the water level is
determined from the static pressure change induced by the
water level change. Usually, there is a delay for determining
the water level after the water level changes. In addition, the
pressure condition might change due to the changes of tem-
perature and other operation conditions. These factors could
cause large errors in water level sensing. The ultrasonic level
meter uses ultrasonic pulses reflected from the liquid-gas
interface to determine the water level. In this method, ultra-
sonic pulses are generated by a transducer placed on the
bottom of the container. Based on the travelling time of
reflection waves, the water level is determined. However,
large errors can be induced by poor reflection from the water
surface and complex scattering waves in the container. The
principle of radar level gauge is similar to the ultrasonic level
meter, while the radar level gauge uses microwave pulses. In
this method, the sensors need to be installed in the container,
and thus the sensor installation may influence the integrity of
the container and cause leakage. In addition, the water vapor
on the waveguide tube might influence the signal quality.

In this paper, we present a water level sensing method for
steel vessels by using guided waves of A0 and quasi-Scholte
modes. For water level sensing, two piezoelectric transducers
(PZTs) are bonded on the out surface of the vessel in the
pitch-catch configuration to generate and measure guided
waves. The generated guided waves propagate in the wall of
the vessel. The mode conversion between A0 and quasi-
Scholte modes at the water interface is observed. Based on
the velocity difference between A0 and quasi-Scholte modes,
a quantitative method for detecting the water level is devel-
oped. Through proof-of-concept experiments, it has been
found that the travelling time of guided waves in the vessel
linearly increases with the increase of water level. Moreover,

the experimental results agree well with theoretical predic-
tions. The developed method provides several advantages.
The method has a small error less than 3.7mm, and sensors
can be easily installed on the outer surface of the container
without influencing the structural integrity. In addition, since
the sensors are not in the container, the sensors can be easily
maintained. Moreover, compared to the ultrasonic level
meter, our method does not rely on the poor reflection from
the water boundary and is less influenced by the scattering
waves inside the container.

The rest of this paper is organized as follows. Section 2
presents the guided wave fundamentals, such as characteris-
tic equations and dispersion curves for the free plate and
the plate with one side in water. Section 3 presents the ver-
ifications of A0 mode in the free plate and quasi-Scholte
mode in the plate with one side in water through finite
element simulations and experiments. Section 4 presents
the water level sensing method with a proof-of-concept
experiment. Section 5 concludes the paper with findings and
future work.

2. Theoretical Fundamentals

2.1. Free Plates. Considerable research exists on the disper-
sion characteristics of guided waves in free isotropic plates
[1, 2, 13, 19]. In this section, the dispersion characteristics
of guided waves in a free plate with traction-free boundary
conditions are given. For a free plate (in Figure 1(a)), the
boundary conditions for the top and bottom surfaces of the
plate can be described as follows:

σp t
xx = 0,

σp t
xz = 0,

σp b
xx = 0,

σp b
xz = 0,

1

where σp t
xx and σp t

xz are the normal and shear stresses on the

top surface of the plate, respectively. σp b
xx and σp b

xz are the
normal and shear stresses on the bottom surface of the plate,
respectively. The characteristic equation of Lamb waves in a
free plate can be expressed as follows:

where k2lx = ω2/c2L − k2z , k2sx = ω2/c2S − k2z , kz = 2π/λwave,
cL = 2μ 1 − ν / ρ 1 − 2ν , and cS = μ/ρ. kz is the
wavenumber of Lamb waves. d is the plate thickness. ω and

λwave are the circular frequency and wavelength, respectively.
cL and cS are the velocities of longitudinal and shear waves,
respectively. ρ, μ, and ν are the density, shear modulus, and

k2sx − k2z k2sx − k2z −2ksxkz 2ksxkz
2klxkz −2klxkz k2sx − k2z k2sx − k2z

k2sx − k2z eiklxd k2sx − k2z e−iklxd −2ksxkzeiksxd 2ksxkze−iksxd

2klxkzeiklxd −2klxkze−iklxd k2sx − k2z eiksxd k2sx − k2z e−iksxd

= 0, 2
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Poisson’s ratio of the plate, respectively. By solving (2), the
dispersion curves for a steel plate (the material properties of
the steel plate are listed in Table 1) are obtained, as shown
in Figures 2(a) and 2(b). In the low-frequency region, the
group velocity of S0 mode is relatively high. In contrast, the
group velocity of A0 mode is relatively low and changes
greatly with respect to frequency.

2.2. Plates with One Side in Water. As shown in Figure 1(b),
when the bottom surface of a free plate is in water, its bound-
ary conditions change compared to a free plate. Under the
nonviscosity assumption, the boundary conditions for the
bottom surface become

σp b
xx = σwater

xx ,

σp b
xz = 0,

up b
xx = uwaterxx ,

3

where up b
xx is the normal displacement on the bottom surface

of the plate. uwaterxx and σwaterxx are the normal displacement and
stress at the plate-water interface, respectively. The charac-
teristic equation for the plate with one side in water can be
assembled and expressed as follows:

where γ2 = ω2/c2Lw − k2z and cLw = λw/ρw. cLw is the bulk
velocity in water; λw and ρw are the bulk stiffness and density
of water, respectively. By solving (4), the dispersion curves
of a 1.2mm thick steel plate with one side in water are
obtained. As shown in Figures 2(c) and 2(d), the funda-
mental antisymmetric and symmetric modes are denoted as
A0w and S0w. Compared to dispersion curves for a free plate
(Figure 2(a)), dispersion curves for a plate with one side in
water (Figure 2(c)) clearly show another mode, the quasi-
Scholte mode, in addition to the fundamental antisymmetric
and symmetric modes. The dispersive behavior of the quasi-
Scholte mode in the plate with one side in water is the same
as the mode discovered in a two-side water-immersed plate
in [20]. The quasi-Scholte mode is dispersive in the low-
frequency region; however, with the increase of the frequency,

the mode gradually approaches the nondispersive Scholte
mode (interface wave at solid and liquid interface) [20, 21].

3. Simulation and Experimental Studies

In the previous section, the dispersion curves of guided waves
in a free plate and a plate with one side in water are theoret-
ically studied. In this section, the quasi-Scholte and A0
modes are further investigated through finite element
simulations and experiments.

3.1. Verification of the A0 Mode in a Free Plate. Finite element
simulations are performed using the commercial software
ANSYS to analyze the propagation of A0 mode in a free plate.
The finite element model of a plate’s cross section is built
using 2D elements (8-node PLANE82). Table 1 gives the

k2sx − kz
2 k2sx − kz

2 −2ksxkz 2ksxkz 0

2klxkz −2klxkz k2sx − kz
2 k2sx − kz

2 0

k2sx − kz
2 eiklxd k2sx − kz

2 e−iklxd −2ksxkzeiksxd 2ksxkze−iksxd
ω2ρw
μ

2klxkzeiklxd −2klxkze−iklxd k2sx − kz
2 eiksxd k2sx − kz

2 e−iksxd 0

klxe
iklxd −klxe

−iklxd −kze
iksxd −kze

−iksxd γ

= 0, 4

d x
z

Free plate

(a)

d x
z

Plate 

Water

(b)

Figure 1: Sketches of (a) a free plate and (b) a plate with one side
in water.

Table 1: Material properties for a steel plate and water.

Stainless steel plate

Density (kg/m3) 8000

Young’s modulus (GPa) 196.5

Poisson’s ratio 0.29

Thickness (mm) 1.2

Water
Density (kg/m3) 1000

Bulk wave velocity (m/s) 1500
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material parameters of the plate. The thickness and length of
the plate are 1.2mm and 100mm, respectively. For simulat-
ing elastic waves in solids using finite element method
(FEM), the transient analysis in ANSYS is adopted. To ensure
the accuracy of the simulation, the grid size and the integral
time step satisfy the following:

Lmax <
λmin
nmin

=
cmin
nmin f

,

Δt ≤ Lmin
cs

,
5

where Lmax and Lmin are the maximum and minimum grid
size, respectively; λmin is the minimum wavelength; nmin is
the minimum number of elements within one wavelength
(usually nmin is in the range of 8~10); cs denotes the velocity
of shear waves; and cmin is the minimum group velocity of
elastic waves. Vertical loads are applied on the nodes at
X=0 on top and bottom surfaces, for generating a pure
A0 mode.

Figure 3 shows the simulation result (a vector field of
displacement) for the A0 mode, when the excitation is
5-count tone bursts at 100 kHz. From the result, it can be
seen that the A0 mode is antisymmetric. In addition, the

vertical displacement is much stronger than the horizontal
displacement. The displacement signals at four different loca-
tions (X=20, 40, 60, and 80mm on the bottom surface of the
plate) are plotted in Figure 4. Using the traveling time and
propagation distance, we can calculate the group velocity of
A0 mode, 1.92mm/μs, which agrees well with the theoretical
velocity 1.925mm/μs.

An experiment is performed using the setup in
Figure 5(a), for wave mode verification. Two PZT transduc-
ers (with dimensions of 7× 7× 0.2mm) in a pitch-catch
configuration are adopted. The distance between two trans-
ducers is 150mm. The excitation signal is 2.5-cycle tone
bursts at 100 kHz. Figure 6 plots a received signal with its
Hilbert envelope. Using the travelling time obtained from
the received signal and the distance between two transducers,
the group velocity of A0 mode is calculated, which is
1.89mm/μs. Figure 7 compares the A0 mode’s group veloci-
ties obtained from the theory, simulation, and experiment
at 50, 100, and 150 kHz. The results of the theory,
simulation, and experiment agree well with each other.

3.2. Verification of the Quasi-Scholte Mode in a Plate with
One Side in Water. Finite element simulations are performed
to analyze the propagation of quasi-Scholte mode in a plate
with one side in water. Figure 8(a) plots a schematic of the
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Figure 2: Theoretical dispersion curves: (a) and (b) are group and phase velocities for a 1.2mm thick steel plate; (c) and (d) are group and
phase velocities for a 1.2mm thick steel plate with one side in water.
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simulation setup. The top layer is a 1.2mm thick steel plate.
The bottom layer is water with the depth of 40mm. In the
finite element model, the water layer is created using the
coupling field element (FLUID29).

Figure 8(b) shows the simulation result (pressure field)
when the excitation is 5-count tone bursts at 100 kHz. In
the water layer, it can be seen that there are two types of
waves, the quasi-Scholte waves and pressure waves (P waves).
The quasi-Scholte mode propagates along the interface
between the plate and the water, while the P waves only prop-
agate in water. The displacement signals at four different
locations (X=20, 40, 60, and 80mm on the bottom surface

of the plate) are plotted in Figure 9. Using the traveling time
and propagation distance, we find the group velocity of the
quasi-Scholte mode, 1.86mm/μs at 100 kHz, which agrees
well with the theoretical velocity 1.84mm/μs.

An experiment is also performed using the setup in
Figure 5(b), for wave mode verification. Two PZT transduc-
ers (with dimensions of 7× 7× 0.2mm) in a pitch-catch
configuration are adopted. The distance between the two
transducers is 150mm. The excitation signal is 2.5-cycle tone
bursts 100 kHz. Figure 10 plots a received signal with its
Hilbert envelope, when the excitation frequency is 100 kHz.
Using the received signal and the distance between two
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Figure 4: Out-of-plate displacement signals (simulation results) at different locations in the free plate. (a), (b), (c), and (d) are for X= 20, 40,
60, and 80mm, respectively, on the bottom surface of the plate.

x

y

z

Freeplate

x

y

Figure 3: The FEM simulation result (displacement vector field) of the excited A0 mode in a free plate at 100 kHz.
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transducers, the group velocity of A0 mode is obtained, which
is 1.85mm/μs. Figure 11 compares the quasi-Scholte mode’s
group velocities obtained from the theory, simulation, and
experiment at 50, 100, and 150 kHz. The results of theory,
simulation, and experiment agree well with each other.

4. Water Level Sensing Using A0 and
Quasi-Scholte Modes

This section presents a water level sensing method by using
both A0 and quasi-Scholte modes. A pitch-catch sensing con-
figuration with two PZT transducers is employed. For this
configuration, a theoretical prediction of the relation between
water level and wave travelling time is derived. For the proof
of concept, a laboratory experiment is performed. The exper-
imental results agree well with the theoretical predictions and
show that the travelling time linearly increases with the
increase of water level.

4.1. Theoretical Predictions. Figure 12 plots a proposed pitch-
catch configuration with two PZT transducers for water level
sensing. The full wave propagation path (dT-R) consists of
two parts: the water path dW and the dry path dT-R− dW. In
the water path dW, the quasi-Scholte mode propagates in
the plate with one side in water; in the dry path dT-R− dW,
the A0 mode propagates in the free plate. When the water
level changes, it will directly change the portions of dry
path dT-R−dW and water path dW. The guided waves leave
the excitation PZT as the quasi-Scholte mode in the water
path dW and then are converted to the A0 mode in the dry

path dT-R− dW. Therefore, the propagation time over the
entire path dT-R is given by the following:

tT‐R =
dW
cQS

+
dT‐R − dW

cA0

, 6

where cQS is the quasi-Scholte mode group velocity, cA0
is the

A0 mode group velocity, and tT-R is the propagation time
over the entire propagation path dT-R. If dW=0 is the base-
line, when the water level dW changes, the relation between
time difference ΔtT-R on the entire propagation path dT-R is
given by the following expression:

ΔtT‐R = dW
1
cQS

−
1
cA0

7
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Free plate
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Water

Receiver: PZT
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Figure 5: The experimental setup for guided wave sensing and
mode identification: (a) in a free plate; (b) in a plate with one side
in water.
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As seen in (7), the water level dW is linearly related to the
time difference ΔtT-R.

4.2. Experimental Setup for Water Level Sensing. An experi-
ment is performed using the configuration in Figure 12.
The plate is a 1.2mm thick steel with material properties
given in Table 1. Two PZT transducers (with dimensions of
7× 7× 0.2mm) are bonded on the plate in a pitch-catch con-
figuration with the distance of 100mm. The excitation signal
has 2.5-cycle tone bursts, generated by an arbitrary function
generator (model: Tektronix AFG 3022). The amplitude of
the excitation signal is 10V, which is the maximum output
of our function generator. With this amplitude, we can
achieve the optimal signal-to-noise ratio within the capability
of our current equipment. In this water level sensing test, the

excitation frequency is selected at 130 kHz for the proof of
concept. The guided waves excited by the actuator propagate
along the plate. At the receiver, waves are measured by an
oscilloscope (Tektronix TDS 2022B).

4.3. Data Analysis Using Pseudo Wigner-Vile Distribution
(PWVD). Time-frequency analysis is a description of a signal
in the time and frequency domain, indicating the energy dis-
tribution of the signal in the time-frequency space [22–27].
For signal analysis, this study employs PWVD. The mea-
sured experimental signal at the 50mm water level is used
as an example. The received waveform at the 50mm water
level is given in Figure 13(a). The traveling time of the second
wave packet is contributions of both the A0 and quasi-Scholte
modes. Since the low-frequency A0 and quasi-Scholte modes
are highly dispersive, this dispersive effect may influence the
measurement of travelling time of a wave packet. To precisely
determine the travelling time at a certain frequency, time-
frequency analysis is needed. Figure 13(b) plots a 2D
time-frequency distribution of the PWVD. Figure 13(c)
plots an extracted PWVD result at 130 kHz. Hence, the
travelling time of the second wave package at 130 kHz
can be determined.

4.4. Experimental Results. To investigate the relationship
between the water level and the received signal, signals at
the receiver are collected at a series of water levels from
0mm to 100mm with a step of 10mm. Figure 14(a) plots
four representative signals when the water levels are 0, 30,
60, and 100mm. As shown in Figure 14(a), with the increase
of water level, the wave packet gradually shifts to the right,
which means the travelling time gradually increases. Using
the PWVD method, the traveling time and time difference
ΔtT-R at 130 kHz are obtained. Figure 14(b) plots the derived
time difference ΔtT-R with respect to water level dW. A linear
fitting is applied to the experimental data. The fitting result is
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ΔtT‐R = 0 034dW with the R2 value of 0.998, which is close to
1. This means that the experimental results are in a linear
relationship. The theoretical prediction derived from (7) is
ΔtT‐R = 0 035dW, which is also plotted in Figure 14(b). The
coefficient of the linear fitting is very close to that of the
theoretical prediction with an error of 2.9%. In addition, it
can be seen that the experimental result agrees well with
the theoretical prediction. The error for water level sensing
is less than 3.7mm. The precision of our method could be
influenced by several factors including sensor installation
errors, structural damage (corrosion, rust, and crack), envi-
ronmental conditions, errors of wave speeds, and errors of
the time differences. The measuring range depends on the
distance between the actuator and the receiver. In the cur-
rent setup, the distance is 100mm, and thus the measuring
range is 0~100mm.

5. Conclusions

This paper presents a water level sensing method by using the
A0 and quasi-Scholte modes. The water level sensing method
adopts a pitch-catch sensing configuration with a pair of PZT
transducers bonded on a steel vessel. The travelling time of

guided waves between the two transducers is influenced by
the water level. Hence, by measuring the travelling time, the
water level in the vessel can be found.

This study investigates the difference between guided
waves in a free plate and a plate with one side. Through
theoretical, numerical, and experimental studies, it is con-
firmed that the A0 mode presents in a free plate and the
quasi-Scholte mode presents in a plate with one side in water
at low frequencies. Moreover, the A0 mode can convert to the
quasi-Scholte mode and vice versa. Lastly, the group velocity
of the quasi-Scholte mode is smaller than that of the A0
mode. Based on these findings, a water level sensing method
is developed, which takes the advantage of the group velocity
difference between the quasi-Scholte and A0 modes.

The water level sensing method adopts a pair of PZT
transducers in the pitch-catch configuration bonded on
the out surface of the vessel. When the water level is
between the two transducers, the entire travelling path can
be divided into two portions, the dry path (with A0 mode)
and the water path (with quasi-Scholte mode). If the water
level changes, the lengths of dry path and water path
change; hence, the total travelling time changes. Based on
this principle, the water level can be predicted by using
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Figure 13: Analysis of a received signal using the PWVD: (a) received signal at the water level of 50mm, (b) the PWVD result in
time-frequency domain, and (c) the result of PWVD at 130 kHz.
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the travelling time. For the proof of concept, we experimen-
tally demonstrate water level sensing using guided waves.
The experimental results show that wave travelling time lin-
early increases with the increase of water level and agree
well with theoretical predictions.

For our method, the sensing resolution could be influ-
enced by the wave speed, sampling rate of the data acquisition
equipment, and the smallest time difference that can be deter-
mined. The sensitivity could be influenced by the wave speed
difference between the A0 mode and the quasi-Scholte mode.
In the future, we will perform detailed parametric studies
with both theoretical analysis and experiments, in order to
characterize the sensing resolution and sensitivity, as well
as identify the optimum frequency that can provide the best
sensing resolution and sensitivity. For real-world applica-
tions, there are still some challenges. Our method could be
influenced by structural damage (corrosion, rust, and crack),
temperature fluctuation, and sensor degradation under harsh
environmental conditions. In the future, we aim to develop a
more robust system with these challenges considered for
practical applications in power plants.
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This study investigates the variety of the spectra features of fiber Bragg grating (FBG) around the crack tip during fatigue crack
propagation. The study results reveal that the turning of the subordinate peak is significantly associated with crack lengths and
corresponds to strain gradient along the FBG.Meanwhile, the strain distribution sensed by the FBGchangeswith the sensing section
of the grating. FBG sensors could observe the monotonic plastic zone ahead of the fatigue crack tip. The cubic strain is distributed
along the grating, with monotonic plastic zone propagation at the initial and terminal part of the grating, at approximately a 30%
ratio of the entire grating. However, the monotonic plastic zone is sensed by the FBG, at ±15% bias of the grating center, with the
quadratic strain gradient pattern along the grating. In particular, when the initial and terminal parts of the grating experience highly
inhomogeneous strain distribution, the spectrum distortion occurs.

1. Introduction

The structural damage of aircraft constructions cannot be
avoided over the course of long-term service. Such damage
can include fatigue, material aging, corrosion, and cracking
problems [1]. Furthermore, structural damage can be identi-
fied in synchronous real-time monitoring of the aluminum
alloy crack propagation [2]. FBG sensors are recognized
and are applicable to structural health monitoring (SHM),
such as in the concrete structure of bridges, nuclear power
stations, and large dams [3].This is due to the specific benefits
of FBG sensors, such as erosion resistance, small size, and
multiplexing [4]. It is argued to be one of the most promising
sensors in crack propagation prediction [5].

Several researchers have made contributions to mechan-
ical interpretations of spectral characteristics, changes with
crack propagation, and the health monitoring of compos-
ite materials. Reference [6] found that the FBG spectrum
was sensitive to the delamination propagation behavior of
composite materials. The spectrum was split into two peaks
dependent on the strain gradient which was caused by

edge delamination. The light intensity of the primary peak
increases with the extent of edge delamination. In addition,
further interpretation of spectral features changed with the
extension of delamination [7]. Regarding predictions of
delamination size in composites, an indicator of the light
intensity ratio of the primary peak to the subordinate peak
was proposed by [8]. In addition, [9] states that the two peaks
at lower and higher wavelengths in the reflection spectra
correspond to the various forms of strain distribution, with
the increment of delaminated area of composites.

Regarding strain distribution analysis around the crack
tip, many numerical approaches are developed to investi-
gate the strain distribution, such as FEM and the Local-
Global method. Reference [10] states that the plastic zone is
divided into three regions: the monotonic plastic zone, the
cyclic plastic zone, and the process zone. Meanwhile, several
experimental advancements have already improved the strain
distribution calculation of aluminum, such as digital image
correlation (DIC), the laser specklemethod, and laser speckle
imaging (LSI). These improvements are also accompanied by
increased instrument precision and accuracy. Strain sensing
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sensors include eddy current measurement sensors, strain
gauge, and the coupling fiber-optic strain sensor [11] for
the strain sensitivity of FBG. The latter is used for strain
monitoring; however, it is costly and is used for the mon-
itoring of structural deformation. Therefore, the method is
unsuitable for the local stress concentration, such as the strain
concentration around the crack tip. Consequently, the FBG
is considered as a potential sensor for the monitoring of
aluminum crack concentration.

However, there has been little research focused on the
mechanism of subordinate peak skewing of the FBG on
aluminum crack propagation. Peters et al. [12] discussed the
spectra of the FBG as a possible basis for the resolution of an
arbitrary applied strain distribution. Jin et al. [13] discussed
the subordinate peak of the reflection spectrum in crack
propagation monitoring of aluminum alloys. The FBG was
placed parallel to the external loading direction. However,
in this paper, the FBG was applied perpendicular to the
axial direction of the external load in this study. Subordinate
peak variation which shows a strong correlation to the strain
region size with crack propagation was demonstrated in this
research.

2. Experiment

The core principle was to investigate the mechanism on
various physical characteristics, extracted from the spectrum
intensity during crack propagation. The mechanism of sub-
ordinate wavelength variation during the crack propagation
demonstrated practical significance regarding quantifiable
crack identification. Thus, the structure is equipped with
sensors and interacts with the crack propagation, which
presents the evolution of the state and physical parameters.

2.1. Specimen. The objective system established in this paper
is a plate made of aluminum alloy 7075-T6, with the dimen-
sion of 300mm × 100mm × 2mm as shown in Figure 1.
A 10mm diameter hole was drilled into the center of the
plate. A 3mm precrack is introduced by electrical discharge
machining to activate fatigue crack propagation. The top
frontier is fastened and a uniform tensile load of 65MPa
is implemented from the bottom, as indicated in Figure 1.
Table 1 shows specimen properties. To sense the strain in
various shapes distributed along the grating caused by the
crack tip, the FBG sensor is adhered parallel to the precrack
direction. The horizontal distance from the initial grating to
the hole edge is 7mm, and the perpendicular distance to the
horizontal line is 1mm.The FBG sensor length is 10.1mm. A
liquid cyanoacrylate adhesive is used to glue the FBG sensor
onto the specimen surface. Young’s modulus of the adhesive
is 1.75MPa.

2.2. Experiment Setup. A fatigue crack damage recognition
test platform is developed and FBG sensors are utilized
to abstract the damage indicator. Figure 2 illustrates the
hole-edge crack experimental setup which is composed of
three main segments: fatigue loading equipment, the optical
modulation analyzer, and a fatigue crack detection device.

Table 1: Mechanical properties of 7075-T6 aluminum alloy.

Material
Tensile
strength
(MPa)

Yield
strength
(MPa)

Poisson’s
ratio
(MPa)

Elastic
modulus
(MPa)

AL7075-
T6 572 503 0.33 73100

3mm

4mm

4mm
1

m
m

10.1 mm

50mm

65MPa

1
5
0

m
m

3
0
0

m
m

100mm

FBG FBG

Precrack

Figure 1: Schematic of the aluminum specimen.

The reflected spectrum of the FBG is obtained by an optical
demodulator (SM125, Micro Optics Inc.), which possesses
high wavelength accuracy. An optical microscope oversees
the fatigue crack propagation with a Charge Coupled Device
(CCD) camera during the loading progression. Fatigue test-
ing is undertaken using a hydraulic MTS machine with
continuous fatigue loading along the axial direction as shown
in Figure 2. The spectra data and crack length were collected
with the increase of crack length of about 1.0mm visually, in
which the fatigue loading machine was shut down and mod-
ulated at the maximum load value. The constant amplitude
loading spectra used in this study have a maximum value of
loading set at 65MPa and a cycling frequency of 10Hz. The
FBG sensor number is FSSR5025.

3. Results

The natural crack in the plate was initiated and propagated
through the use of a cyclic fatigue test. The FBG sensor was
used to measure strain distribution along the axial grating
at differential strain profiles with the crack propagation. The
data was obtained using the FBG sensing demodulation
system throughout cyclic fatigue. Initially, the reflection
spectra are symmetrical and had a primary reflection spec-
trum. Subsequently, the peak simply moves backwards or
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Figure 2: Experiment setup for the crack detection in aluminum structure.

forwards when the grating sensed uniformity strain profile.
Concurrently, the pitch changes accordingly with the internal
periodic modulation and all grating periods experience
changes synchronously. This results in a shift of the Bragg
wavelength without modification of the spectrum shape, and
consequently the spectrum becomes symmetric and smooth
due to the uniformity of the strain distribution along the
grating (Figure 3). However, regarding crack propagation,
the spectral wavelength shifts gradually and the reflection
spectrum showed a significant change in shape. This is
represented as subordinate peaks as shown in Figures 5(a),
6(a), and 7(a). Meanwhile, the FWHM also displayed an
obvious correlation with the crack length until a saturation
crack length is reached. The spectrum bandwidth is also
directly related to strain distribution and hence has been
previously applied [14, 15]. A shift of the measured central
wavelength of less than 0.1 nm is observed during the process.
The reason is that there is a small offset between the center of
the FBG and the intersection point between the FBG and the
neutral line.

It is clearly demonstrated that the strain patterns are dis-
tributed around the crack tip according to perfect nonunifor-
mity. Thus, nonuniform strain is distributed along the entire
length of the FBGwith the crack propagation.Meanwhile, the

subordinate peaks vary with the complex strain distribution
along the grating. In addition, the relationship between the
subordinate peak and the strain distribution pattern has
been discussed and simulated in previous research [13]. The
turning subordination peaks coincide with the crack length,
which is represented in the comparison between Figures 5(a)
and 6(a) with Figure 7(a). The presence of crack propagation
introduced three regions (Zones A, B, and C) of uniform
grating strain, creating two primary peaks in the reflected
spectrum as shown in Figure 4.

The distribution of strain patterns along the grating is
mainly due to the ratio of crack length lying in the grating
with the entire grating (Figure 4). Additionally, the crack
propagation rate is a major factor in determining the mono-
tonic plastic zone propagation rate. Regarding the cracks,
the propagation rate affects the ratio of crack length lying in
the grating with the entire grating. Reference [16] shows that
crack propagation rate changes with external applied stress
and this ratio could be changed with external loading stress.

And when the crack approaches initial grating, approx-
imately 30% of the entire grating ratio, positioning at
−0.2–3.2mmto initial grating (ZoneA), the reflection spectra
appear to have subordinate peaks located to the left side of
the primary peak. However, the subordinate peak appears at
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higher wavelengths when the crack approaches ±15% bias of
the central grating, positioned at 3.2–6.8mm to the initial
grating (Zone B). When the crack propagates to the terminal
grating, at approximately 30% ratio of the entire grating,
positioning at 6.8–10.3mm to initial grating (Zone C), the
reflection spectra appear to have subordinate peaks located
to the left side of the major peak.

3.1. Analysis of Spectra in Zone A Sensing Grating. When
the crack propagates close to observation Zone A, the sub-
ordinate peak is initially presented in the lower wavelength
and drifts towards the same orientation. Moreover, the peak
broadens and the subordinate peak energy increases as shown
in Figure 5(a). Typically, the reflected spectra broaden and
multiple peaks appear. The spectrum modifications may be
due to polarization-induced lateral strains and/or nonhomo-
geneous strains parallel to the fiber axis.

If the FBG is submitted to different strain patterns along
the grating, different lower peaks distort the reflected peak, as
shown by curve A in Figure 5(a), and more details are shown
in Figure 5(b). The slitting of the spectra occurred and the
spectra shape was distorted. Afterwards, the spectra enlarged
and the spectra distortion is critical, which corresponds to the
outcomes by Ussorio [17]. The reflection spectra are evenly
slit into several peaks at the initial and eventual break of
the grating. The form of reflection spectra depends on the
strain distribution along the grating [18]. Thus, the serve
nonuniform strain pattern along the grating is assumed to be
the principal reason for the spectra oscillation [19].

Figure 5(a) also shows a spectral wavelength shift towards
a lower wavelength, with crack propagation in Zone A.
These indicate a decrease of tensile strain in the grating.
Thus, the central wavelengths diminished from 1544.7 nm to
1544.6 nm.

The deformity of the reflection spectra is generally related
to the strain distribution along the FBGs [20]. In fact, the
distribution of strain patterns along the grating corresponds
to crack propagation. Regarding crack propagation, the spec-
trum bandwidth and full width at half maximum (FWHM)
[21] broadened, accompanied by a sudden broadening of the
spectrum that occurs at a 5.4mmcrack length, in comparison
with curve A in Figure 5(a). Meanwhile, the bandwidth of
FWHM broadens from 0.3 nm to 0.4 nm, and the FWHM
increases from 0.3 nm to 0.7 nm, with the crack propagating
in Zone A.

3.2. Analysis of Spectra in Zone B Sensing Grating. As the
crack propagates to Zone B with a crack length of 7.6mm,
the number of subordinate peaks increases, as shown in
Figure 6(b). Meanwhile, the reflection spectra appear to
have multiple peaks located at the right side of the primary
peak. Figure 6(a) also shows that the spectral intensity shifts
towards a lower wavelength, with the crack propagation
in Zone B. This indicates a decrease in tensile strain at
the grating. Thus, the central wavelengths diminish from
1544.2 nm to 1544.1 nm.

The crack in the aluminummaterial can produce a strain
concentration or gradient zone, which contains complex
strain patterns. If differential strain patterns are applied to the
grating, it will suffer from a nonuniform strain distribution
pattern. This causes a sensor response that is more compli-
cated than uniform cases [22, 23]. The nonuniform strain
along the grating will change the periodicity of the grating
pattern. The grating pattern is modified from a uniform
to a chirped configuration [24], as shown in Figure 6(a).
Thus, the width of FWHMbroadened from 0.6 nm to 1.0 nm.
Simultaneously, longer wavelength subordinate peaks appear
and drift to naturally similar orientations.

3.3. Analysis of Spectra in Zone C Sensing Grating. For crack
propagation towards Zone C terminal with a crack length
of 14.3mm, the distortion of the spectrum occurs as shown
in Figure 7(b). Meanwhile, the reflection spectra are slit
into multiple peaks located on the left side of the primary
peak. Thus, it is confirmed that the spectrum oscillation can
be related to the nonuniform strain distribution along the
grating caused by transverse crack.

Figure 7(a) also shows that the spectral intensity shifts
towards a lower wavelength, with crack propagation in Zone
C.Thus, the central wavelength diminishes from 1544.7 nm to
1544.6 nm, and the width of FWHMbroadens from 0.5 nm to
1.0 nm.

4. Discussion

4.1. Mechanism of the Skewing of the Subordinate Wavelength.
Generally, when the compressional strain is sensed by the
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Figure 5: Reflection spectra of FBG in Zone A sensing grating. (a) The global curves; (b) the distortion of spectrum.
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Figure 6: Reflection spectra of FBG in Zone B sensing grating. (a) The global curve; (b) subordinate peaks of the intensity spectra.

FBG, the reflection spectramove towards a lower wavelength.
While tensile strain is sensed by FBG, the reflection spectra
will shift to a higher wavelength [25]. There is a high
order of the strain distribution around the crack of the test
specimen. Thus, the strain distribution along the grating is
nonuniform and the width of the spectra broadens. As the
FWHM of reflection spectra increases, reflectance decreases
and the subordinate peaks appear initially, and even spectra
distortion occurs.

Reference [13] investigates the subordinate peak located
in the lower wavelength, with quadratic strain distribution
being employed along the grating of the fiber. When the
cubic strain gradient is employed along the grating of the
fiber, the subordinate peak is located at a higher wavelength.
Meanwhile, the strain distribution along the grating corre-
sponds to the plastic zone ratio ahead of the crack tip to the
entire grating. When the crack propagates to the initial or
terminal part of grating, at approximately 30% ratio of the
entire grating, the cubic strain is distributed along the grating.
However, the monotonic plastic zone is sensed by the FBG,
at ±15% bias of the grating center, with the quadratic strain
gradient pattern along the grating.

Results conclude that the FWHM and location skewing
of the subordinate peak are related to the change of strain

distribution along the grating, with the crack propagation.
The FWHM and the subordinate peak skewing are proved
to be good indicators for real-time crack propagation eval-
uation.

4.2. Analysis of the Spectrum Distortion. Crack progression
causes a nonuniform strain field around the crack tip to
reach the grating area. This modifies the FBG response by
significant variations with the subordinate reflected peak.
As previously discussed, a severe strain distribution pattern,
such as linear, quadratic, and cubic strain distributions, is
sensed by the grating and can be attributed to the complex
strain distribution around the crack tip. Previous research
reveals that the linear and quadratic strain can be perceived
by the FBG, which can be obtained by experiment and
simulation. Meanwhile, Peters et al. [26] stated that the
cubic strain gradient can be perceived by FBG, through
the development of an experiment to calibrate the strain
distribution pattern along the grating.

Meanwhile, [27] proposes that axial and transverse strain
can both be sensed by the FBG, especially when the grating is
adhered perpendicular to the loading direction.However, it is
still a challenge to identify whether the distortion is promoted
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Figure 7: Reflection spectra of FBG in Zone C sensing grating. (a) The global curve; (b) the distortion of spectrum.

by a nonuniform longitudinal strain or by transverse stress
splitting.

Thus, it is concluded that the complex strain distribution
pattern sensed by FBG could be themajor reason of spectrum
distortion, which correlates with the distance of crack tip
from the initial grating.

5. Conclusion

To determine the presence and development of the crack,
FBGs show significant changes in the strain due to crack
propagation in the specimen. In this study, the experimental
data from fatigue testing is used to analyze the character-
istic parameters for different crack lengths, in combination
with the variable strain distribution. The spectrum became
deformed with crack propagation, such as the number
of subordinate peaks, and subordinate peak skewing. The
change of strain distribution pattern sensed by the grating
is assumed to cause the subordinate peak skewing, with the
crack propagation. The monotonic plastic zone ahead of the
crack tip is sensed by the grating, and the strain distribution
pattern is closely related to ratio of sensed subgrating to the
entire grating. When the crack propagates to approximately
30% of the initial or terminal grating, the cubic strain
distribution is sensed by the FBG.

Furthermore, the FBG-based demodulation method can
be used as a novel and alternative technique to real-time
detection of the transverse cracks within the complex struc-
ture of aluminum alloy.
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This study focused on the analysis of the frequency spectra of impact sounding test performed on composite slabs with different
interlayer condition. Distinct and consistent characteristics of the frequency spectra were observed from the impact signals. The
consistency of results for bonding condition at varying temperature was also investigated. Results of laboratory tests were compared
to different bonding condition observed in the field. Finally, a proposed decision matrix analysis was presented and successfully
identified the interface bonding condition. The proposed decision matrix is composed of four zones characterizing each interlayer
condition based on the features of impact signals. Field and laboratory assessment conform to decision matrix result.

1. Introduction

Bonding between pavement layers is an important factor for
long term performance of asphalt concrete (AC) pavements
and for the durability of bridge deck slabs. A decrease in
the bonding strength at the interface between the AC deck
pavement and Portland cement concrete (PCC) deck plate
and increase in pavement deflection caused by traffic loading
may result in accelerated fatigue damage in the pavement
[1–3]. In addition, debonding between a water proofing
layer and bridge deck may cause more serious problems
to the bridge deck. Water and/or deicing salt could easily
penetrate into the concrete deck resulting in deterioration
of concrete slab and corrosion of reinforcements [3, 4].
Therefore, appropriate interlayer bonding is essential to
achieve the long term durability of the AC-PCC bridge deck
pavement.

Evaluating the amount of debonding area developed
in the bridge deck is very important to determine proper
timing and methods for repair or rehabilitation. However
it is not an easy task because debonding cannot be deter-
mined by visual inspection of the pavement, especially at
the early stages of deterioration. Therefore, nondestructive

tests (NDTs) such as impact echo (IE), ground penetrating
radar (GPR), and sounding methods have been applied to
determine the condition of bridge deck pavements. American
Society for Testing andMaterials (ASTM) released guidelines
and methods for detecting delamination using sounding
(ASTM4580), infrared thermograph (ASTM4788), andGPR
(ASTMD6087) [5–7].These approaches focused on concrete
bridge deck condition but not on the interlayer debonding
problems. The second Strategic Highway Research Program
(SHRP-2) was recently conducted to evaluate the efficiency of
available NDTs in determining delamination and debonding
of pavement infrastructures [8]. GPR methods displayed
limitations on determining delamination in shallow depth or
on wet conditions and detailed boundaries of damaged area
at fast survey [9]. Previous study indicated that GPR tests
succeeded in detecting 33% of simulated debonded sections
and could only qualitatively identify severely debonded areas
with presence of moisture [10]. The limitation of IE/SASW
tests is greatly affected by the temperature of AC pavements
and the slow-walking speed limits [8]. The IE method was
also found to be limited to certain deterioration size and
shallow delamination which generates vibration frequency
[11].
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Figure 1: Impact sounding preprocessing algorithm.

In addition to the GPR and IEmethods, impact sounding
has long been used to detect deterioration and debonding
problems of AC covered PCC bridge deck plate. Impact
sounding involves tapping of hammer and dragging chains
on pavement surface and interpreting the sound produced.
Ringing sound corresponds to bonded section whereas the
dull or hollow sound corresponds to debonded section. The
impact sounding approach is relatively simple and has been
practically used in the field. The major deficiencies of the
impact sounding are time consuming for large area survey
and inspector-dependent interpretations to testing results.
Different studies using signal processing techniques interpret
impact sounds of damaged and deteriorated structures [12–
15]. The damaged portion of structures using the impact
sound method was determined by analyzing the frequency-
domain spectra of impact sound data at sensitive ranges
[14]. Despite accurate results obtained from these studies,
none of these studies focused on the interlayer condition of
composite pavement but on overall assessment of the bridge.
In addition, the analysis time and cost in performing the tests
are relatively expensive and impractical for small projects
needing assessment. Therefore, this study proposed a simple
and direct sounding signal analysis of determining interlayer
condition of pavement system.

The major objective of this study was to perform com-
parative analysis of impact sounding parameters between
deteriorated and nondeteriorated interlayer of composite
slab. The specific objective was to establish mathematical
expression of impact sounding parameterswhichwill identify
the interlayer condition of composite slab with AC surface.
Following a traditional impact sounding method, impact
sounds were collected and transformed in frequency domain
and the whole spectra were analyzed to differentiate normal
from deteriorated conditions. Finally a quantitative approach
of evaluating the interlayer condition was proposed.

2. Impact Sound Analysis

Impact sounding test involves hammer hitting or chain
dragging in which the sounds produced are analyzed by
inspectors during the testing or after sound recording.

Real-time evaluation of impact sounds is subjected to human-
error and perception of the sound if the bridge deck produces
ringing or hollow sound. In ASTM 4580-12, the standard
method formeasuring delamination in concrete bridge decks
by sounding, impact sounding samples are taken within 3
milliseconds after the tap. The hollowness or defective sound
can be detected at significant component frequency range of
300 to 1,200Hz.

Michigan Department of Transportation [16] designed
a delamination detection device which records the impact
sounds and the signal is recorded. The recorded signal is
passed through a band-pass filter with cutoff frequencies 300
and 1200Hz and played back to the inspector for delamina-
tion determination. The method eliminates the traffic noise
but the inspector still performs subjective identification of
damage.

Henderson et al. [12] developed an automatic chain
dragging system (ACDS) which can record, analyze, and
evaluate the concrete bridge deck condition. The system
records chain drag soundusingmicrophone andfilter it based
on linear prediction coefficients (LPC). The filter process is
done by inverting the LPC of the signal from solid concrete.
This study also showed that, between delaminated and sound
concrete, significant difference is observed at 1 kHz to 6 kHz
of frequency spectra. If the tested concrete is solid and sound,
the output will be clear or “white” whereas if delamination
occurs, it would change. This study found that the frequency
range of defects on concrete bridge deck extends up to 5 kHz.

From these studies, two significant points were noted:
(1) frequencies below 5,000Hz characterize hollow sound
and (2) characterization of frequency band provides training
parameters to quantify the degree of damage. Thus, in
this study, these two findings served as fundamental basis
for feature extraction of impact sounds to determine the
interlayer debonding of concrete decks.

The data analysis process used in this study is presented
in Figure 1. Impact sound signals were filtered using high pass
with cutoff frequency of 300Hz to eliminate the frequency
caused by traffic noise. To further eliminate noise from
original signal, 10-millisecond length impact signals were
isolated manually by selecting the closest zero-amplitude
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point prior to the minimum amplitude. The sliced length of
10 milliseconds was based on the decay rate of the impact
sound signals observed in the initial test and previous studies
on impact sound duration [17, 18]. This signal is isolated
and Hanning window is applied prior to FFT conversion. As
commonly employed in sound signal analysis, fast Fourier
transform was performed to convert waveform data to
frequency spectra [15, 19].

3. Feature Extraction

Contrary to impact echo, ultrasonic wave, and surface wave
analysis, sounding test analysis considers broad frequency
characteristics of impact sound. It is noted that impact signal
classified as transient signals is a nonstationary signal in
which the whole duration is analyzed as a whole entity
with no regard of how they vary with time. Hence, it is
considered to have a finite amount of “energy” (amplitude
squared integrated over time) and the spectrum is most
readily expressed in terms of “energy spectral density” [20].
Simply put, the analysis of impact signals considers the whole
range of frequency spectra.

Previous sounding studies [5, 12, 16] mentioned that
identification of hollow sound relies on the features of fre-
quency spectra. Sets of impact sounding data are “trained” to
identify damaged conditionwhich is similar to human’s logic-
based identification. Several studies successfully applied this
method specifically in tunnel linings [14] and tile [21, 22] as
these studies focus on bonding quality of materials. Based
on impact sounding studies mentioned, two features, sound
pressure level and frequency spectra range of 300Hz to
5000Hz, are common features that identify damage using
impact sounding.

In this study, preliminary investigation was performed in
the laboratory to confirm how sound pressure level differs
with debonded and bonded concrete bridge deck layer.
Features of these data are further investigated to extract
the most appropriate parameter for quantifying interlayer
conditions.

4. Sounding Signal Acquisition Process

The signal acquisition process consists of signal source,
receiver collecting signal data, processing software for inter-
pretation, and display of the signal data in time and frequency
domain. Figure 2 shows the components of signal acquisition
process used in this research. The impact device such as a

hammer hits a specimen and then the receiver picks up the
impact signals. The data acquisition system (DAQ) transfers
the signal to the processing software in the computer.

4.1. Impact Sounding Device. In general, an impact device
having shorter contact time and smaller contact area is more
desirable to produce better accurate sound. In addition, to
detect delamination using acoustic sensors, impact source
should have high force amplitude, relatively low frequency
content, and minimal production of ancillary sound [23].
Depending on the diameter of the impact device, the contact
time, 𝑡𝐶 in 𝜇s, can be computed given the equation of the
American Concrete Institute (ACI):

𝑡𝐶 = 4.3𝐷, (1)

where 𝐷 is the diameter of the impact equipment in mm.
Contact time, 𝑡𝐶, is the reciprocal of themaximum frequency,
𝑓max, the impact equipment can induce as stress wave in
the material. It was found from the study of Sansalone and
Streett [24] that the amplitudes of stress waves at frequencies
below 1.25/𝑡𝐶 are sufficient for impact-echo testing.Thus, the
maximum frequency, 𝑓max (kHz), that the impact equipment
can induce as stress wave in the material can be computed
using

𝑓max = 1.25𝑡𝐶 . (2)

This maximum frequency can detect a smallest flaw depth,
𝐷min, using

𝐷min = 0.96𝐶p2𝑓max
, (3)

where 𝐶p is the P-wave speed. The typical value of 𝐶p from
previous studies [24, 25] for concrete ranges from 3,600
to 4,000m/s whereas asphalt is 2,640m/s. In the study of
Sansalone and Carino [25], impact echo was modified to
remove the effect of overlaid material by allowing the small
spherical balls (4–12mm) to hit 12.5mm diameter steel plate
with 4mm thickness. In the study, they proposed

𝑇𝑑 = 0.5 [𝐶pc𝑓𝑑 +
𝐶pa − 𝐶pc
𝑓𝑎 ] , (4)

where𝑇𝑑 is the depth of delamination,𝐶pc is the P-wave speed
in cement concrete, 𝐶pa is the P-wave speed in the asphalt
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Figure 3: Time waveform of hand-held hammer: (a) 23.45mm diameter; (b) 21.5mm diameter.

overlay, 𝑓𝑑 is the corresponding frequency of the depth of
the delamination, and 𝑓𝑎 is the corresponding thickness
frequency of the asphalt overlay. In this study, the concerned
location is equivalent to the depth of the asphalt overlay;
𝑓𝑑 = 𝑓𝑎; thus (3) is applicable to interlayer condition.

Spherical steel ball is the most common device used
in impact testing and its diameter dictates the depth of
flaw it can analyze. As one of the goals of this research
is to provide an economical mobile device, commercially
available devices for impact sounding source were used in
order to determine the appropriate impact height. Hammers
are the most common and economically available tool in
the field for sounding; thus different impact head size was
selected and evaluated. To obtain the acceptable diameter of
impact device, (1), (2), and (3) are combined resulting in the
following:

𝐷 = 6056 × 𝐷min
𝐶p , (5)

where 𝐷 is the acceptable impact diameter in mm; 𝐶p is the
P-wave speed in m/s and the typical value of 2640m/s was
used; and𝐷min is the smallest flaw depth (cm) it can detect.

Two commercial hand-held hammers with spherical tip
and diameters 23.45mm and 21.50mm were tested. Figure 3
displayed the time waveform of the two hammers showing
that the smaller diameter hammer displays smoothed and
consistent data compared with the big one. Also, it can give
a minimum contact time of 92.45 𝜇s resulting in maximum
frequency 10,817Hz. The computed minimum depth it can
detect based on (3) is 117mm which is slightly higher than
desired 80mm typical thickness of asphalt concrete overlaid
in concrete bridge decks. Since the study focused on the
interlayer of composite pavement, the 37mm difference
provides goodflexibility in investigating the interlayer surface
of composite pavement. Therefore, in this study, 21.5mm
diameter of impacting device was used.

4.2. Sound Receiver. In this study, several types of receivers
were evaluated to select the most appropriate device for

receiving and logging sounding data. Accelerometers typi-
cally used for IE tests were excluded in this study because
they can be operated only on contact with the surface of
pavements. For mobility, a pressure field microphone with a
preamplifier (model PCB 378B11) with frequency response of
6.3Hz to 125 kHz was selected. In addition to its durability
on impact pressure, this microphone sound acquisition is
unidirectional, thus reducing the effect of noise in the
acquisition process.

The microphone was placed as close to a hitting point
as possible to receive desired impact sound signals by min-
imizing external noise from the environment. From several
initial trials, the appropriate vertical and horizontal distances
of the microphone from the hitting point were determined
as 50mm and 5mm, respectively. The microphone was
connected to a National Instruments DAQ (model DAQ
9234)withmaximumsampling rate of 51.2 kHz.A simple data
acquisition and analysis program based on LabView 2013 was
developed.

Different sampling frequencies were evaluated to deter-
mine the optimal size including the length of samples.
Three sampling rates were evaluated: 12.8 kHz, 25.6 kHz, and
51.2 kHz. Figure 4 presented the frequency spectra of different
sampling frequency and it showed that the spectrum is con-
centrated on frequencies lower than 5,000Hz. The sampling
frequency of 12.8 kHz providing significant frequency values
for the acoustic sounding test without compromising the
accuracy of the acquired signal, hence, was used in this study.

5. Laboratory Tests

5.1. Specimen Preparation. The three slab specimens, con-
sisting of an AC upper layer and PCC bottom layer, were
prepared as shown in Figure 5. The PCC slabs were 60 cm
long, 60 cm wide, and 20 cm thick. The first and second
PCC slabs had single and double steel reinforcement in the
middle of the slab, respectively; the third PCC slab had no
reinforcement. These slabs were overlaid with a 5 cm thick
AC layer. Before placing the AC layer, tack coat was applied
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Figure 4: Effect of different sampling rate on frequency spectra: (a) 12,800Hz; (b) 25,200Hz; (c) 51,200Hz.
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Figure 5: Configuration of the slab specimens.

on the surface of the PCC slabs for better bonding. On the
other hand, to simulate a completely debonded interlayer
condition, plastic tape was covered onto the concrete surface
before pouring of asphalt mixtures. Then, the AC layer was
carefully torn off from the PCC slab after oneweek and placed
right before the test to keep the interlayer debonded.

5.2. Sounding Test Setup and Procedure. An impact sound
test device was used for the slab specimens as shown in
Figure 6. A commercially available hammer (612 grams,
21.5mm spherical hammer head) was connected to a stable
stand and allowed to have a free fall impact on the surface

of the asphalt concrete layer. The energy or height of the
hammer was controlled by the angle of the hammer on the
top. The impact hammer was dropped three times.

6. Results and Discussion

6.1. Effect of Interface Condition. The frequency spectra of
interlayer condition distinctively showed significant differ-
ences in the peak frequency and spectral pattern. In Figure 7,
bonding condition showed that the highest amplitude of peak
frequency is at 1700Hz whereas the unbonded condition
highest amplitude peak frequency is at 1100Hz. The peak



6 Journal of Sensors

Impact 
hammer

Microphone

Data 
acquisition
(DAQ) device

Asphalt concrete

Cement concrete

Stable support

Figure 6: Supported slab sounding test setup.

Table 1: Observed peaks at frequency spectra for different bonding
condition (frequency, Hz).

Bonded with double
reinforcement

Bonded with no
reinforcement

Unbonded with
single

reinforcement
307 ± 27 331 ± 90
493 ± 10 491 ± 10 455 ± 29
1166 ± 32 1168 ± 31 1087 ± 25∗
1724 ± 34∗ 1722 ± 34∗ 1724 ± 35
2311 ± 113 2358 ± 40 2359 ± 39
2924 ± 294
∗Highest peak frequency for each bonding condition.

amplitude of the unreinforced bonded slab specimen is 20%
higher than the peak amplitudes of reinforced bonded slab.
The amplitude difference between unbonded and bonded
slab specimens can be attributed to energy dissipation in the
interlayer [20, 26, 27] resulting in high pressure amplitude
measured in the frequency spectra of the unbonded slab
specimen.

Table 1 showed the observed average peaks at frequency
spectra detected at any bonding condition where the peaks
of at least 10% of the highest peak frequency were identified.
Since the bandwidth of the frequency spectra is 100Hz, it
can be generalized that the peaks occurred at similar value
and differed where each peak amplitude value was detected.
Of the three bonding conditions, only unbonded condition
displayed a high amplitude peak greater than 50% of the
highest peak at frequency 455 ± 2Hz. This peak became
the highest frequency peak of unbonded condition at higher
temperature. The effect of temperature is being discussed in
the next section.

6.2. Effect of Temperature. Since asphalt concrete is a vis-
coelastic material, the elastic modulus varies with tempera-
ture. Therefore, when considering the parameters, it is very
important to determine if the material properties have an
effect. Figure 8 showed the frequency spectra of different
bonding conditions at different temperature. It was observed
that the frequency spectra of bonded sections consistently
displayed high multiple peak frequencies above 1,000Hz.
Unbonded section, on the other hand, displayed peak fre-
quencies below 1,100Hz.

The amplitude at peak in the frequency spectra at the
various temperatures, for all slab specimens, was presented
in Figure 9. It was observed that the peak amplitude of
unbonded condition was always higher than that of the
bonded condition. In addition, the amplitude of the peak fre-
quency of the unbonded condition decreased as temperature
was increased. It could be mainly due to the fact that asphalt
concrete at higher temperature demonstrates more viscous
behavior where the material is capable of absorbing more
energy.

The frequency peaks of the unbonded slab specimen
in Figure 10 showed that the peaks of unbonded condition
depend on temperature. At temperature 5∘C and below, the
highest peak was observed at 1,100Hz, whereas at tempera-
ture above 5∘C, the highest peak was at 400Hz. With regard
to bonded condition, frequency peaks remained high above
1,500Hz.

Although the amplitudes and peak frequencies showed
temperature dependence in the unbonded condition, the dif-
ference in amplitude and peak frequency between interlayer
conditions was significantly high. From these observations,
the amplitude and peak frequency were used as features to
differentiate between bonded and unbonded conditions.

7. Field Observations

Field sounding tests were also performed using similar
setup to validate the laboratory results. Yanggok Bridge in
Muju, South Korea, will undergo asphalt concrete overlay
rehabilitation and hence was selected as suitable area for
field validation. The field test was performed before the
actual rehabilitation while the other lane of the bridge was
operational. Consequently, because of the limited access to
the whole concrete bridge deck, only several sections of the
bridge identified to have varying condition were selected.

Hitting points were laid at 30 cm distance along the
width of the road starting from point closest to the concrete
barrier. Impact sounding samples were also collected near the
concrete barrier sectionwith heaved surface.This sectionwas
considered to have completely debonded interface. A total of
103 data points were collected from the field observation.

Figure 11 shows that sounding test was performed
before removal of asphalt concrete and visual inspection
for each point was performed after water jet process was
applied. Water jet process was done to completely remove
the damaged parts of the concrete deck. By taking its
deterioration depth and surface condition, three condition
levels were identified for field evaluation as summarized
in Table 2. Heaved section was also considered as separate
condition since the damage was remarkable from the asphalt
surface.

Similar to laboratory test, frequency spectra for the
hitting points were plotted and compared with each other
according to their condition. Figure 12 presented the com-
bined frequency spectra of points depending on their con-
dition level. It was observed that there was an increase in
amplitude value as condition reached deterioration level. In
addition, peak frequencies of good and minor conditions
occurred at frequencies higher than 1,500Hz whereas severe
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Figure 7: Frequency spectra of slab specimen with different bonding condition: (a) bonded slab specimen; (b) unbonded slab specimens.
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Figure 8: Frequency spectra of different bonding conditions at different temperatures: (a) bonded sections; (b) unbonded section.
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Figure 9: Plot of temperature versus amplitude of peak frequency
at different bonding conditions.
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Table 2: Condition level description for field evaluation.

Condition
level Description

Good Good condition, no inspected damage on the
interlayer

Minor
Minor damage: interface of cement concrete shows
scaling
Cement concrete aggregates are exposed

Severe
Deterioration depth is greater than 25mm
Aggregates are removed from the surface
Traces of moisture are remarkable

Heaved Asphalt concrete is heaved and completely detached
from the cement concrete

condition and heaved sections occurred at frequency less
than 500Hz.

It was also noted that peaks occurred at similar fre-
quencies as summarized in Table 3 wherein, at good and
minor condition, peaks occurred at higher frequency value
of 2,800Hz which was not evident in severe and heaved
conditions. Heaved section identified only two peaks at 389±
49Hz and 682 ± 69Hz.

Table 3: Observed peaks at frequency spectra for different field
condition (frequency, Hz).

Good Minor Severe Heaved
305 ± 20 308 ± 51 331 ± 56 389 ± 49
489 ± 9 501 ± 24 461 ± 22
707 ± 28 650 ± 68 682 ± 69
1098 ± 21 1096 ± 11 1088 ± 33
1593 ± 34 1597 ± 21 1566 ± 58
2329 ± 198 2272 ± 96 2163 ± 252
2877 ± 21 2860 ± 39

8. Evaluation Matrix of
the Interface Condition

Based on results presented in this study, there were significant
observations in the frequency spectra of impact sounds that
can distinguish interlayer condition. First, the peak frequency
of interlayer condition was always different at any tempera-
ture condition and, second, the amplitude of the frequency
spectra of unbonded slab specimen was always higher than
that of the bonded slab specimen. From these observations,
frequency versus amplitude was plotted resulting in a feature
space.

The feature space of laboratory data presented in Figure 13
showed exclusive clusters between bonded and unbonded
conditions. It was also observed that unbonded condition
exhibited two different clusters depending on temperature
condition, yet none of them coincided with bonded condi-
tion. This was a good indicator that the features, peak fre-
quency, and its amplitude were good parameters to indicate
interlayer condition and it was not affected by temperature
dependence of asphalt concrete.

The feature space of the field data, on the other hand,
was presented in Figure 14. In this feature space, the points
fromheaved section and 50%of the points of severe condition
displayed consistent clustering at 500Hz. Around 61% of the
points of good condition and 76% of the points of minor
condition were clustered in 1,100Hz.

It was noted in field data that the hitting point selected
for sounding test and themeasurement point of deterioration
after water jet may not exactly coincide with each other
resulting in some error in validation. Figure 11(b) showed that
rapid changes in the condition of concrete surface may cause
possible error in comparing sounding test result and visual
inspection.

In Figure 15, a generalized decision matrix was proposed
for use in the analysis of interlayer condition. From the
feature space of the laboratory and field tests, four zones
identifying the different levels of interlayer condition were
proposed. Each zone was bounded by significant peak fre-
quency range observed in the laboratory and in the field tests.

As shown in Figure 15, the results of laboratory and field
data were plotted in the proposed decisionmatrix where data
points were clustered in four different zones. The data points
clustered in Zone a were the high temperature unbonded
condition of laboratory data, the points from heaved section,
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(a) (b)

Figure 11: Impact sounding test performed in Yanggok Bridge in South Korea before asphalt concrete overlay rehabilitation: (a) sounding
test; (b) measuring delamination after water jet.
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Figure 12: Combined frequency spectra of different points depending on condition level: (a) good condition; (b) minor condition; (c) severe
damage; (d) heaved sections.

and the 50% of severe damage points in field data. In Zone b,
points collected from low temperature unbonded condition
of laboratory data were grouped. InZone c, on the other hand,
61% of the data points were from good condition assessment
and 76% of data points were from the minor damage in the
field data condition assessment. Lastly, points in Zone d were
data points from bonded slab data including 21% of data
points from good condition and 10% of data points from
minor damage condition of field data.

Table 4 summarized the description of the decision
matrix as well as the interlayer conditions observed during
the field test. Zone a data points showed severe damage
condition wherein, aside from completely detached asphalt

concrete interlayer, pothole-like damage was observed from
the cement concrete bridge deck. Compared with previous
condition assessment presented in Table 2, the proposedZone
a of the decisionmatrix represented combined characteristics
of severe damage and heaved condition as observed both in
the field and in the laboratory. Thus, laboratory field test was
able to simulate the field condition.

In Zone b, on the other hand, the interlayer condition
displayed a completely detached asphalt concrete but nodam-
age on the cement concrete layer. This characteristic of Zone
c is inherent with minor condition assessment mentioned
in Table 2. However, the data points identified in this zone
were from the laboratory specimen of unbonded condition
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Table 4: Summarized description of the proposed zonal condition level of bridge deck pavement.

Zone Condition Description
Frequency spectra Visual inspection

a Severe Peak frequency less than 600Hz
Deterioration depth is greater than 25mm

Asphalt concrete is heaved
Traces of moisture are remarkable

b Debonded Peak frequency of 1,000 to 1,300Hz, peak
amplitude higher than 50 Pa2/Hz

Asphalt concrete is completely detached from the
concrete deck

c Fair Peak frequency of 1,000 to 1,300Hz, peak
amplitude lower than 50 Pa2/Hz Surface of concrete deck shows minor scaling

d Good Peak frequency higher than 1,500Hz Good condition, no inspected damage on the surface of
concrete deck

Bonded 1
Bonded 2
Unbonded

0

50

100

150

200

A
m

pl
itu

de
 (０

；
2
/H

z)

500 1000 1500 20000
Frequency (Hz)

Figure 13: Feature space of interlayer bonding condition in the
laboratory setup.
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at high temperature. Thus, more field tests were needed to
be performed to validate this condition. In the same way, the
Zone c of the decisionmatrix was composed of both good and
minor condition assessment of data points in the field. This
showed that Zone c was a new interlayer condition identified

0

20

40

60

80

100

120

140

160

180

200

A
m

pl
itu

de
 (０

；
2
/H

z)

500 1000 1500 2000 25000
Frequency (Hz)

Bonded 1
Bonded 2
Unbonded

Heaved
Good condition
Severe damage

Zone a

Zone c

Zone b

Zone d

Figure 15: Decision matrix of interlayer condition in the laboratory
and in the field.

using sounding test method. This condition poses critical
transition of interlayer condition from good to debonded
condition, meaning, at this state, interlayer section started
to develop debonding. Lastly, the Zone d of the decision
matrix showed no damage on the interlayer section of the
concrete bridge deck. The data points belonging to Zone d
were points showing complete bonding and no interlayer
damage. Low percentage of good condition data from the
field shows that the concrete bridge deck was subjected to
traffic and environmental stress and rehabilitation was really
needed.

9. Summary and Conclusion

In this study, a simple and direct approach to identify
the interlayer condition between concrete bridge deck and
asphalt pavement using sounding tests was proposed. It was
observed from an extensive laboratory and field experiments
that peak amplitude and peak frequency of sounding data
in frequency domain were good parameters for determining
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interlayer bonding condition. These parameters were depen-
dent such that peak amplitude and peak frequency of data
points collected in the laboratory and in the field were plotted
in a feature space. Consequently, a proposed generalized
decision matrix approach based on the feature space was
presented in this study. In this approach, overall analysis of
data by clustering of points resulted in four different zones
which can describe the interlayer conditions. The proposed
analysis was capable of detecting intermediate conditions
interlayer, which emphasized the transition of damage in
interlayer section. Although the proposed decision matrix
analysis of sounding test method was feasible in determining
interlayer condition, further field studies are needed to
validate the proposed decision matrix in this study.
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Fiber-optic magnetic field sensing is an important method of magnetic field monitoring, which is essential for the safety of civil
infrastructures, especially for power plant.We theoretically and experimentally demonstrated an optical fiber magnetic field sensor
based on a single-mode-multimode-single-mode (SMS) structure immersed into themagnetic fluid (MF).The length ofmultimode
section fiber is determined based on the self-image effect through the simulation. Due to variation characteristics of the refractive
index and absorption coefficient of MF under different magnetic fields, an effective method to improve the sensitivity of SMS fiber
structure is realized based on the intensity modulation method. This sensor shows a high sensitivity up to 0.097 dB/Oe and a high
modulation depth up to 78% in a relatively linear range, for the no-core fiber (NCF) with the diameter of 125 𝜇m and length of
59.8mm as the multimode section. This optical fiber sensor possesses advantages of low cost, ease of fabrication, high sensitivity,
simple structure, and compact size, with great potential applications in measuring the magnetic field.

1. Introduction

Reliable and highly sensitive magnetic field sensors are quite
important for monitoring the variation of the magnetic field
strength of civil infrastructure such as power plant. It is
also well known that fiber-optic magnetic field sensor has
the advantages of good insulation and strong antielectro-
magnetic interference. The multimode interference (MMI)
in the single-mode-multimode-single-mode (SMS) structure
is sensitive to external parameters, such as the refractive
index, temperature, and axial strain. Various optical fiber
devices using the SMS fiber structure have been proposed
and demonstrated, such as temperature sensors [1], refrac-
tometers [2–4], bandpass filters [5, 6], wavelength tunable
fiber laser [7], and chemical gas detector [8]. For the excellent
SMS structure, all the above optical fiber devices have
advantages such as the low cost, ease of fabrication, and
compatibility with standard optical fiber devices. However
this SMS structure is intrinsically immune to magnetic fields
due to the low magnetooptical coefficient of silica. Therefore,

it is difficult to achieve the magnetic field sensing if only
using a SMS structure. Magnetic fluid (MF), as a stable
colloidal suspension of ferromagnetic nanoparticles (∼10 nm)
in certain suitable liquid carriers, owns characteristics such
as the special magnetooptical property in the form of
Faraday effect, changeable refractive index, birefringence,
and anisotropy. And the magnetooptical performance can
be tuned by applying the external magnetic field [9–11].
Therefore, fiber magnetooptical sensors combined structures
through the MF and SMS have been successfully realized
[12–14]. The previous wavelength-based demodulation fiber
sensing systems are complicated, expensive, bulky, and time-
consuming, which are not suitable for the outdoor real-time
monitoring. However, the intensity demodulation method
can directly detect the light intensity using a simple photo-
electric conversion device and hence own the features of low
cost, small size, and fast response time.

In this paper, a magnetic field sensor based on the
single-mode-multimode-single-mode (SMS) structure with
no-core fiber as the multimode section immersing in MF is
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Figure 1: Diagram of the SNS fiber structure.

investigated theoretically and experimentally. The proposed
magnetic field sensor has the features of intensity encoding
and intensity multiplexing capabilities. More importantly,
the magnetic field sensor has a simple structure with the
potential for high sensitivity intensity-modulated magnetic
field measurements. Compared with fiber magnetic sensors
based on enhanced Bragg grating [15] and other optical fiber
sensors based on MF, such as MF infiltrated photonic crystal
fibers [16, 17], Sagnac interferometers [18], cascaded blazing
gratings [19], and fiber tapers [20], the proposed scheme
features low cost, easy fabrication, and high sensitivity. The
proposed structure has higher sensitivity of 0.097 dB/Oe
and modulation depth of 78% compared with the existing
magnetic field sensors based on SMS and MF, which are
mostly wavelength demodulation, such as the magnetic field
sensor with sensing sensitivity of 0.01939 dB/Oe by using a
square no-core fiber [12]. In addition, the proposed structure
reduces the complexity of sensing demodulation, which can
be realized easily without other auxiliary processes and the
splice loss is smaller. Therefore, the intensity demodulation
fiber-optic sensors are more practical and applicable than
wavelength demodulation sensors. This structure sensor can
be used for magnetic field monitoring of civil infrastructure,
such as power plant.

2. Principle and Simulation

2.1. Principle of SMS. The proposed magnetic field sensor is
based on the SMS structure and MF.The SMS fiber structure
is fabricated by fusion splicing a specific length section of
step-index multimode fiber (MMF) between two sections
of standard single-mode fiber (SMF). In this paper, the
multimode fiber of the SMS structure is chosen as a section
of NCF. The schematic configuration of the proposed SMF-
NCF-SMF (SNS) fiber structure is shown in Figure 1.

When light transfers from SMF toNCF, a series of linearly
polarized modes {LP𝑛𝑚} of NCF are excited. Due to the
circular symmetry of the SMF fundamental mode and the
ideal fiber, only the symmetric mode {LP0𝑚} can be excited.
Hence, the input fundamental mode field distribution of the
NCF 𝐸(𝑟, 0) can be written in terms of {LP0𝑚} modes as
follows:

𝐸 (𝑟, 0) =
𝑀

∑
𝑚=1

𝑐𝑚𝜓𝑚 (𝑟) , (1)

where 𝜓𝑚(𝑟) is the field distribution of {LP0𝑚}, 𝑟 is the radial
coordinate in the cross section of fiber, 𝑀 is the number
of {LP0𝑚}, and 𝑐𝑚 is the excitation coefficient of the {LP0𝑚}

mode. 𝑐𝑚 can be calculated by overlap integral between𝐸(𝑟, 0)
and 𝜓𝑚(𝑟), which can be expressed as

𝑐𝑚 =
∫∞
0

𝐸 (𝑟, 0) 𝜓𝑚 (𝑟) 𝑟 𝑑𝑟
∫∞
0

𝜓𝑚 (𝑟) 𝜓𝑚 (𝑟) 𝑟 𝑑𝑟
. (2)

In the NCF section, the field distribution is the result of
interferences of all the excited modes {LP0𝑚} with different
propagation constants, which depends on the length of NCF.
Given the length of NCF as 𝐿, the field distribution 𝐸(𝑟, 𝐿)
can be written as follows:

𝐸 (𝑟, 𝑧) =
𝑀

∑
𝑚=1

𝑐𝑚𝜓𝑚 (𝑟) exp (𝑖𝛽𝑚𝐿) , (3)

where 𝛽𝑚 is the propagation constant of the {LP0𝑚} mode.
When the NCF length meets the relation of 𝛽𝑚𝐿 = 𝑘𝜋 (𝑘 =
1, 2, 3, . . .), this is defined as the reimaging point.

When the output filed distribution 𝐸(𝑟, 𝐿) from NCF
transfers to the second SMF, the power coupling efficiency
can be obtained through the overlap integral between 𝐸(𝑟, 𝐿)
and 𝐸(𝑟, 0). The normalized output power spectrum can be
calculated by

𝑇 = 10 log10 [
[

∫
∞

0
𝐸 (𝑟, 𝐿) 𝐸 (𝑟, 0) 𝑟 𝑑𝑟

2

∫∞
0

|𝐸 (𝑟, 𝐿)|2 𝑟 𝑑𝑟 ∫∞
0

|𝐸 (𝑟, 0)|2 𝑟 𝑑𝑟
]
]
. (4)

By simplification, the normalized output power spectrum
also can be expressed as

𝑇 = 10 log10 [
[

∑𝑀𝑚=1 𝑐𝑚2 ⋅ exp (−𝑖𝛽𝑚𝐿)

2

∑𝑀𝑚=1 𝑐𝑚2
]
]
. (5)

2.2. Simulation of the Magnetic Field Sensing. In the simu-
lation, the SNS structure immersed into MF is designed as
the magnetic field sensor, and the MF can be recognized as
the cladding of NCF. The SMF has a core diameter of 9𝜇m
and the refractive indices of core and cladding are 1.4504
and 1.4447, respectively. The NCF diameter is 125 𝜇m and the
refractive index is 1.4447. The refractive index of MF (EMG
705) is estimated to be about 1.42 [21].

Figure 2 shows the excitation coefficients for {LP0𝑚}
modes in NCF when the wavelength 𝜆 is 1550 nm.The mode
excitation coefficient first increases and then decreases as
mode order increases. When the mode order increases to a
certain value of 18, the mode excitation coefficient is approx-
imately 0. Moreover, the excitation coefficient distribution
characteristic is different for the certain mode order under
different wavelength. It means that the interference pattern
of all the excited modes also is different.

For the SNS structure, the optimal length of NCF can
be determined through the light propagation along NCF, as
shown in Figure 3. The reimaging point 𝑅 within the NCF is
at a 𝑧 position 60mm.The insets display the enlarged details
for the reimaging point 𝑅 and the coupling point 𝑂 between
SMF and NCF, which indicates that the interference pattern
for the two points almost is the same.
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NCF under a surrounding RI of 1.42.
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Figure 3: Light propagation along the NCF.

The MF is based on a commercial product of EMG 705.
Under magnetic field of 0–200Oe, the RI change of MF is
approximately 0.003 [22], and the attenuation coefficient 𝛼𝑓
changes in the order of 104 [23]. Due to the great absorption
characteristics of MF, (5) can be amended as follows:

𝑇

= 10 log10 [
[

∑𝑀𝑚=1 𝑐𝑚2 exp (−𝛾𝑚𝐿) ⋅ exp (−𝑖𝛽𝑚𝐿)

2

∑𝑀𝑚=1 𝑐𝑚2
]
]
, (6)

where 𝛾𝑚 is the evanescent absorption coefficient of the
{LP0𝑚}mode with relation to the refractive index 𝑛𝑓 and the
attenuation coefficient 𝛼𝑓 [24, 25].

Figure 4 shows the calculated transmission spectrum
of the SNS structure under different magnetic fields when
the NCF length is 59.8mm. As shown in Figure 4, there
are dips (A), (B), and (D) and peak (C) (reimaging point),
due to the principle of MMI. The wavelength shifts of dips
(A), (B), and (D) are very small, because the RI change
of MF under magnetic field varies lightly. However, in the
magnetic field sensor based on SMS structure immersing in
MF, the wavelength shift is large under different magnetic
fields, because the smaller the NCF diameter, the larger the
sensitivity of SNS structure [3]. Furthermore, themodulation
depths of dips (A), (B), and (D) change greatly, which is
derived from the larger change of absorption coefficients
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Figure 4: The calculated transmission spectra of the SNS structure
under different magnetic fields.
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Figure 5: Schematic diagram of the experimental setup.

𝛾𝑚 of MF under different magnetic fields. Moreover, the
reimaging point (peak (C)) also shows similar changing
characteristics. As the attenuation coefficient 𝛼𝑓 increases
with increasing the magnetic field, the demodulation depths
of dips (A) and (D) and peak (C) are strengthened; however,
the demodulation depth of dip (B) is weakened.

Therefore, the SNS structure can be designed as a
magnetic field sensor based on the intensity modulation.
Compared to the previous scheme adopting a combination
with the wavelength shift and intensity modulation [12, 13], it
can greatly reduce the complexity of sensing demodulation.

3. Experiments and Results

The experimental setup of the proposed magnetic field
sensor is shown in Figure 5. It consists of a supercontinuum
broadband source (SBS) (NKT, SuperK COMPACT), an
optical spectrum analyzer (OSA) (Yokogawa AQ6375), a
sensor head based on aMMI and theMF, two electromagnets,
and a tunable voltage source (TVS). A SBS and an OSA
are used to record the transmission spectrum. The sensor
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Figure 6: The transmission spectra of the proposed sensors with
and without the immersion in MF.

head is formed by a MMI immersed in the MF. The MMI is
constructed by splicing a section ofNCF (PrimeOptical Fiber
Co. Ltd., NCF125) between two SMFs (SMF-28e, Corning,
Inc.). The NCF is made of pure silica, where the radius is
𝑟 = 62.5 𝜇m, the length is 𝐿 = 59.8mm, and its refractive
index is 1.4446.The capillary is infiltratedwithMF (EMG705,
Ferrotec, Inc.). The density and saturation magnetization of
the MF are 1.19 g/cm3 (25∘C) and 220Oe, respectively. The
two ends of the capillary are sealedwithUVglue.The external
magnetic field perpendicular to the fiber axis is generated
by two electromagnets dynamically tuned by the TVS. The
strength of the magnetic field is controlled by tuning the
magnitude of the supply current.Themagnetic field direction
is perpendicular to the optical fiber axis. A Tesla meter
(HT 108) with a resolution of 0.1 Oe is used to measure the
magnetic field intensity along the perpendicular axis. During
the experiment, the ambient temperature is kept at 25∘C.

The transmission spectrum of the MMI before and after
immersing into the MF is shown in Figure 6, and a red-shift
to long wavelength side occurs when the MMI is immersed
into the MF. By immersing the MMI section into the MF and
exploiting RI tunability of the MF under varying magnetic
field, a magnetic field sensor can be achieved.

Figure 7 shows the transmission characteristics of the
proposed sensor by tuning the TVS to change the magnetic
field strength (𝐻) ranging from 0 to 240Oe with a step of
15Oe. Each curve is recorded after 5min after specific 𝐻 is
applied to ensure the stabilization of the spectrum. Three
distinct interference dips and a peak are observed in the
wavelength range of 1450 to 1625 nm; that is, the interference
dip around 1461 nm is referred to as dip (A), while around
1495 nm it is referred to as dip (B) and around 1617 nm it
is referred to as dip (D), and the interference peak around
1552 nm is referred to as peak (C). peak (C) is the reimaging
point. With the magnetic field increases, the depths of the
interference dips (A) and (D) monotonously increase, and
it is reversed for dip (B). Moreover, the interference peak
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Figure 7: Transmission spectra of the proposed sensing structure at
magnetic field strength ranging from 0 to 206.44Oe.

(C) becomes shallower and shallower monotonously. The
changing characteristics of experimental spectral response
confirm well the simulation results.

The experimental results can be explained by the tunable
refractive index 𝑛𝑓 and evanescent field absorption 𝛾𝑚 of the
MF.When an external magnetic field is applied to theMF, the
magnetic particles form the agglomeration and then chain-
like clusters. The chain-like cluster of particles changes the
extinction coefficient of MF, which determines the attenua-
tion coefficient𝛼𝑓 [23, 24].The intensity attenuation ismainly
caused by the evanescent field absorption coefficient 𝛾𝑚 of the
MF. According to the evanescent field absorption theory in a
multimode fiber [24], the change of 𝛾𝑚 is approximately in
the order of 101, and its influence on the intensity attenuation
is not negligible, whereas because the change of 𝑛𝑓 is only of
the order of 10−3, the wavelength shift on the transmission
spectrum caused by the MMI is almost constant.

Figure 8 is an enlarged view of dip (A) and peak (C). The
intensity of the interference dip (A) changes from −19.77 dB
to −34.70 dB as shown in Figure 8(a) and the intensity of the
interference peak (C) changes from −4.79 dB to −7.75 dB as
shown in Figure 8(b) with the increase of the magnetic field
strength. As in the principle simulation section, on one hand
the center wavelength of dip (A) and peak (C) hardly shifts
with the change of the magnetic field; on the other hand the
intensities of peak (C) decrease and the intensities of dip (A)
increase with an increase of the magnetic field because of
the tunable RI and absorption coefficient of MF. Similarly,
the intensity of dips (B) and (D) changes from −32.57 dB to
−21.70 dB and −28.56 dB to −47.67 dB, respectively.

The intensity of dip (A) and peak (C) as a function of
external magnetic field is shown in Figure 9(a), indicating
that the intensity is linearly proportionally to magnetic field
strength in the range of 63.52–142.92Oe and 79.4–206.44Oe,
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Figure 8: Transmission spectra of (a) dip (A) and (b) peak (C) subjected to different strengths of magnetic field.
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Figure 9: Intensities of (a) dip (A), peak (C) and (b) dip (B), dip (D) as functions of magnetic field.

respectively. Such linear relationship benefits practical sens-
ing application [26]. By linear fitting, the maximum sen-
sitivities of magnetic field are found to be 0.097 dB/Oe
and 0.0248 dB/Oe for dip (A) and peak (C), respectively.
Similarly, the linearly changing range for dips (B) and (D)
is 15.88–111.16Oe and 111.16–190.56Oe, respectively, with the
maximum sensitivities as 0.0626 dB/Oe and 0.071 dB/Oe,
respectively, which is shown in Figure 9(b). It is made clear
that the intensity of dips (A), (B), and (D) is larger than that
of peak (C), with the sensitivity of dip (A) being the largest
one.

Sensitivity is an important parameter of sensor perfor-
mance. High sensitivity is usually preferable in practical
application. Besides, considering the comprehensive sensing

properties of the proposed magnetic field sensor, the modu-
lation depth (𝑀) is defined as [26]

𝑀 = 1 − 𝑇min
𝑇max

= 𝑇max − 𝑇min
𝑇max

, (7)

where 𝑇max and 𝑇min are the maximum and minimum of
the intensity in transmission spectrum with the magnetic
field, respectively, and 𝑀 is the contrast ratio between 𝑇max
and 𝑇min. The modulation depth as a function is shown in
Figure 10.Themodulation depth of dip (A), peak (C), dip (B),
and dip (D) is 78%, 65%, 23%, and 61%, respectively, which
can be used for the sensing demodulation.

From (6), the transmission of dips (A), (B), and (D)
and peak (C) is related to the excitation coefficient 𝑐𝑚, the
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Figure 10: Modulation depth of (a) dip (A), peak (C) and (b) dip (B), dip (D) versus the strength of magnetic field.

evanescent absorption coefficient 𝛾𝑚, and the mode phase
𝛽𝑚𝐿. For peak (C), it is a self-image point and the ideal
transmission is 100% if the evanescent absorption coefficient
is zero. However, the intensity of peak (C) will vary a
little if the evanescent absorption coefficient exists. Similarly,
the intensities of dips (A), (B), and (D) will also vary if
the evanescent absorption coefficient exists. However, the
variations of intensities of dips (A), (B), and (D) will have
larger variations because the previous values are on a much
lower level, while the intensity of peak (C) is on a larger level.

Considering the sensitivity and modulation depth, dip
(A) with a larger sensitivity is more suitable for practical
sensing application. The sensitivity of the proposed structure
is higher (0.097 dB/Oe) than that of [12] (0.01939 dB/Oe).

4. Conclusions

In conclusion, an intensity-modulated magnetic field sensor
based on the combination with SNS structure and MF is
investigated theoretically and experimentally. This sensor
has a high sensitivity of 0.097 dB/Oe and high modulation
depth of 78% in a relatively linear range. It has features
including low cost, ease of fabrication, compactness, and high
sensitivity, which suggests that the proposed sensor is simple
and effective in the measurement of magnetic field.
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Currently, due to the rapid development and popularization of smartphones, the usage of ubiquitous smartphones has attracted
growing interest in the field of structural health monitoring (SHM). The portable and rapid cable force measurement for cable-
supported structures, such as a cable-stayed bridge and a suspension bridge, has an important and practical significance in the
evaluation of initial damage and the recovery of transportation networks. The extraction of dynamic characteristics (natural
frequencies) of cable is considered as an essential issue in the cable force estimation.Therefore, in this study, a vision-based approach
is proposed for identifying the natural frequencies of cable using handheld shooting of smartphone camera.The boundary of cable
is selected as a target to be tracked in the region of interest (ROI) of video image sequence captured by smartphone camera, and the
dynamic characteristics of cable are identified according to its dynamic displacement responses in frequency domain. The moving
average is adopted to eliminate the noise associated with the shaking of smartphone camera during measurement. A laboratory
scale cable model test and a pedestrian cable-stayed bridge test are carried out to evaluate the proposed approach. The results
demonstrate the feasibility of using smartphone camera for cable force estimation.

1. Introduction

Since cables are primary elements for ensuring the overall
structural integrity and safety of cable-stayed bridges, the
accurate cable force measurement has very important practi-
cal significance in the bridge healthmonitoring [1].The cable-
stayed bridges are monitored by the continuous cable force
measurements during construction, and the bridge health
status is evaluated by the change in cable force resulting
from the damage and degradation during service stage. In
particular, the portable and rapid cable force measurement
plays an extremely vital role in the evaluation of initial
damage and the formulation of recovery plans for ensuring
the security of transportation networks after severe events
such as typhoon and earthquake.

Currently, the vibration method is widely used for
the estimation of cable force because of its simplicity
and speediness [2, 3]. In the vibration method, the cable
force is indirectly estimated from the natural frequencies of

cable [4, 5], which are commonly extracted from the accel-
eration responses of cable that is measured by accelerometer
sensor installed on cable. The vibration method, however,
requires that each of accelerometer sensors should be con-
nected with data acquisition system through electrical cables,
and the cable installation is costly and time-consuming.
Although wireless sensors have recently emerged to over-
come some of these issues, additional issues are then intro-
duced concerning the data transmission reliability, power
supply, and network bandwidth [6]. Therefore, it is necessary
to develop noncontact method for estimating cable force
without attaching sensors to cables.

As one of the typical noncontact methods, vision-based
method, which extracts dynamic characteristics of object
from video images through the template matching tech-
niques, has received increasing attention in SHM such as
system identification [7–12] and damage detection [13, 14].
Although the vision-based method is largely influenced by
outdoor field environmental conditions such as illumination
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variation and background disturbance, it offers significant
advantages such as low cost, ease of operation, andmultipoint
vibration measurement with a single camera. To our knowl-
edge, only a few attempts have been made to apply vision-
basedmethods for cable force estimation. For example, Ji and
Chang [15] used a nontarget image-based technique for cable
vibrationmeasurement. An optical flowmethod was adopted
to estimate displacement of an arbitrarily chosen ROI on the
image plane. The diameter of the cable and the coordinates
of the camera were adopted as references for determining
the actual displacement of ROI in the 3D object space. The
optical flow method considers the motion of object at pixel
level according to the change in the image intensities on the
image plane [16] and requires an iterative approach [17] for
calculating optical flow vector that indicates the magnitude
and direction of motion of the ROI in the image plane.
Kim et al. [18] developed a vision-based monitoring system
for measuring the dynamic characteristics of remote stay
cables by means of the template matching method using the
normalized cross correlation.The templatematchingmethod
makes it possible for the object itself to be used as a template
in the case of no target.

On the other hand, with the rapid development and
popularization of smartphone in recent years, the usage
of ubiquitous smartphone has attracted growing interest in
the field of SHM owing to its unique feature [19]. Most
smartphones have powerful operating system, large memory
resource, and a variety of high-performance sensors, and
such characteristics are very appropriate for the implemen-
tation of SHM. Several researchers studied the application
feasibility of smartphone for extracting structural vibration
responses from the accelerometer embedded in smartphone
[20–24]. Particularly, the smartphone application Orion-
CC developed by the authors for smartphone based cloud-
SHM [25] is possible to estimate the cable force using the
accelerometer embedded in smartphone as well as to upload
to the data sharing platform and to share with the public
[26]. Although the smartphone inner sensors have limitation
in precision of measurement, they are appropriate for the
cable force estimation because cable is relatively distinct
in vibration rather than the other structural elements. In
the previous study, the authors investigated the feasibility
and validity of vision-based cable force measuring method
using smartphone camera [27]. The dynamic characteristics
of cable were extracted from the displacement response of
a predefined black circle target attached on the cable. The
laboratory cable model test demonstrated the feasibility and
reliability for extracting dynamic characteristics of cable
at the sampling rate (frames per second) of the current
smartphone camera.

As can be seen from the previous studies, the vision-
based cable force monitoring is mainly conducted by the
vision system (including a digital camera installed with high-
quality zoom lens, a computer for image processing, and a
data storage server) mounted on the deck or tower of the
cable-stayed bridge. Moreover, the dynamic characteristics
(natural frequencies) of cable are extracted from the actual
real-time displacement responses of cable. Meanwhile, the
cable force estimation using smartphone is limited to the

smartphone inner accelerometer, and in the case of using
smartphone camera, the dynamic characteristics of cable
are extracted from the actual displacement responses of a
predefined target attached on the cable surface, by means
of smartphone mounted on tripod. The utilization of smart-
phone for measuring cable force would make it possible
for personnel to evaluate quickly the initial damage and
safety status of cable-stayed bridge, owing to its features
such as ease of installation, low cost, and convenience.
Although the cable force estimation based on the smartphone
inner accelerometer is convenient and easy to install, it
requires that the smartphones should be fixed tightly on the
cables using the mobile phone jackets because the coupling
between the cable and the smartphone can affect the vibration
measurement, which sometimes may be either difficult or
inappropriate for cable force measurement of inaccessible
cable bridges. Therefore, it is necessary to develop a portable
and noncontact method for estimating cable force using
smartphone camera without any target and tripod.

In this study, as the update of the target vision-based
cable force measurement using a smartphone, a novel non-
target approach that is appropriate for handheld shooting
of smartphone camera is proposed and its feasibility and
practicality are preliminarily validated through a laboratory
test and a field test.Thedynamic characteristics for cable force
estimation are identified from the dynamic displacement
responses of one side of cable boundary on the image plane.
To enhance the accuracy of cable force measurement, the
correction for the shaking of smartphone camera during
measurement is performed by means of the moving average
filter in the analysis process of cable vibration. The proposed
method does not require any installation of tripod and target
unlike the previous one. Furthermore, the ROI is selected on
the cable boundary through the detection of it, and the cable
force is estimated via smartphone application without the
calibration for the actual displacement response.The compre-
hensive comparison tests between using smartphone built-
in accelerometer and using smartphone camera, including
target and nontarget method, fixed and handheld shooting,
and smartphone application and MATLB postprocessing,
demonstrate the feasibility and practicality of using smart-
phone camera for cable force estimation.

2. Cable Force Estimation Algorithm Using
Smartphone Camera

2.1. Image Processing Method

2.1.1. Hough Transform for Detecting Cable Boundary. In
order to convert 2D vibration of cable on image plane
to 1D vibration in accordance with the data processing
performance of the current smartphone, it is necessary to
define the inclination angle of cable for the rotation transform
of image, which can be determined by the position of cable
boundary in the image plane. The boundary of cable for
identifying the inclination angle of inclined stay cable and for
selecting the ROI is detected by Hough transform (HT) on
the image of the first scene captured by smartphone camera.
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Figure 1: Model of a ramp digital edge.

HT is recognized as a popular and efficient technique for
detecting straight lines in images, even in the presence of
noise [28–32]. The Canny edge detection algorithm based on
theGaussian low-pass filter [33, 34] is first adopted to identify
all of the edges contained in the grayscale image, resulting in a
binary image. Bymeans of HT, for each chosen value of 𝜃, the
edge pixels of image are voted to a parameter space according
to

𝜌 = 𝑥 cos 𝜃 + 𝑦 sin 𝜃, (1)

where 𝜌 is the distance from the origin to the line along a
vector perpendicular to the line and 𝜃 is the angle between
the line’s perpendicular and the horizontal axis, and then the
parameters of lines are determined by identifying the highest
values (i.e., peaks) in the accumulator array (𝜌, 𝜃).
2.1.2. Measurement of Cable Boundary Location. Since the
amplitude of cable vibration is relatively small compared
with the distance between smartphone camera and cable,
the actual motion of cable in the 3D object space and the
corresponding motion on the 2D image plane are linearly
correlated, and thus they have the same frequency contents
obtained from Fourier transform. In addition, since only the
vibration response (i.e., frequencies) of cable is required in
the cable force estimation, there is no need to determine
the scaling factor (units: mm/pixel) to transform the pixel
coordinate vibrations into physical coordinate ones, and the
dynamic characteristics of cable can be extracted according to
the change in the location of the cable boundary in the chosen
ROI of image.Theboundary of cable in theROI is represented
as an edge between two image regions as shown in Figure 1.

Assuming an ideal negative edge profile centered in 𝑥edge,
edge (𝑥) = {{{

𝐴max if 𝑥 < 𝑥edge𝐴min if 𝑥 ≥ 𝑥edge, (2)

where𝐴max and𝐴min represent themaximum andminimum
intensity values [35]. The image intensity profile 𝑦(𝑥) is
obtained as the convolution of the function edge(𝑥) and a
Gaussian function 𝐺 with zero mean and standard deviation𝜎edge as shown in (3b):

𝐺(0, 𝜎edge, 𝑥) = 1√2𝜋𝑒−𝑥2/2𝜎2edge (3a)

𝑦 (𝑥) = ∫+∞
−∞

edge (𝑥 − 𝜉) ⋅ 𝐺 (0, 𝜎edge, 𝜉) 𝑑𝜉. (3b)

This edge can be easily detected using the first-order deriva-
tive of the image intensity profile function; namely, the

location of the cable boundary in the ROI is identified as the
location of the maximum first-order finite-difference in each
of the frames.The sums of the pixel intensities in the ROI are
used to estimate the dynamic characteristics of cable because
the pixel intensity of one point is not sufficient for the accurate
location determination of the cable boundary.

2.2. Moving Average Filter. To estimate the dynamic charac-
teristics of cable using the handheld shooting of smartphone
camera without a tripod, it is necessary to reduce the noise
associated with the shaking of smartphone camera during
measurement. In general, the process of determining position
and orientation of cameras such as SLAM (Simultaneous
Localization and Mapping) or Visual Odometry requires a
great deal of computational power and a high calculation cost;
it would be inappropriate for the applications of the current
smartphones.When the shaking of the smartphone camera is
relativelyweak compared to the vibration of cable, themoving
average can be used to extract the movement components of
smartphone from the displacement-time history. Generally,
the excellent quality filter in the frequency domain could
cause theworst quality in the time domain and vice versa [36].
Although the moving average is insufficient to classify one
band of frequencies, it is considered as themost popular filter
in Digital Signal Processor (DSP), because it not only is easy
to comprehend and use but also possesses exceptionally good
property in the time domain. It is commonly used to smooth
out short-term variations and emphasize longer-term trends
or cycles. The moving average filter controls accuracy of the
dynamic characteristics by averaging a number of points from
the input data to obtain each point in the output data as
expressed in

𝑦 (𝑖) = 1𝑛
𝑛−1∑
𝑗=0

𝑥 (𝑖 + 𝑗) , (4)

where [𝑥] is the input data, [𝑦] is the output data, and 𝑛
is the number of points in the average. The more accurate
displacement-time history for extracting dynamic charac-
teristics of cable is obtained by removing the movement
components of smartphone that are smoothed out through
the moving average, prior to the Fourier transform.

2.3. Summary of Algorithm. The algorithm for cable force
estimation using smartphone camera is shown in Figure 2.
Thevideo file captured using smartphone camera is converted
into image files. The boundary of cable is detected by means
of Hough transform (HT) on the image of the first scene
captured by smartphone camera, from which the inclination
angle of cable is determined, and the ROI is selected and
rotated around its centroid accordingly on each of images
converted from video file. The sums of the pixel intensities
along the longitudinal direction of cable and its first-order
finite-differences are calculated to identify the location of the
cable boundary in the ROI. The integer-pixel location of the
cable boundary is acquired by locating the peak of the first-
order finite-differences, and themore accurate location in less
than one pixel is identified in a neighborhood around the
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Figure 2: Algorithm for cable force estimation.

initial peak using the first-order Taylor series approximation.
The displacement-time history of cable boundary is obtained
according to the change of peak in its location and then
smoothed out by means of the moving average in order to
eliminate the noise generated by shaking of smartphone.

The power spectral density (PSD) is obtained from the
displacement response via FFT, from which the natural
frequencies in each mode are extracted using the peak
picking method. The cable force is finally estimated by the
relationship between the frequency difference and cable force
as shown in

𝑇 = 4𝑚𝑙2 (Δ𝑓)2 , (5)

where 𝑚 is the linear mass density, 𝑙 is the cable length, andΔ𝑓 is the frequency difference. Although several practical
formulae for cable force estimation have been studied, the flat
taut string theory that neglects the effect of sag and stiffness
of cable is adopted to evaluate the feasibility of cable force
measurement using smartphone camera, due to its simplicity
and speediness. In this study, a smartphone application that is
developed by Objective-C in accordance with the algorithm
explained above is used to estimate the cable force by the
smartphone camera.

3. Experimental Verifications

To validate the proposed cable force measurement method
based on the image processing, two tests are carried out,
as compared with those of using smartphone built-in
accelerometer, including a laboratory scale cable model test
and a field test. In each test of cable force measurement using
smartphone camera, the comparison tests are conducted
in three different ways, namely, the measurement using
smartphone mounted on a tripod when there is an artificial
target, those using smartphone mounted on a tripod when
there is no any target, and those using handheld shooting

of smartphone camera without any target and tripod. As
the smartphone for experiment, four iPhone 6 devices are
used. The first smartphone referred to as Smartphone 1,
in which a smartphone application Orion-CC is installed,
is used to estimate cable force using smartphone built-in
accelerometer, and its sampling rate is set to 100Hz. The
smartphone application Orion-CC is possible to not only
estimate cable force from the acceleration responses of cable
vibration that is extracted using accelerometer embedded
in smartphone, but also upload to the data sharing plat-
form and share with the public. Further details regarding
the operation guide and cable force measurement of the
smartphone application Orion-CC can be seen in [22]. The
second smartphone referred to as Smartphone 2, in which
a smartphone application D-Viewer is installed, is utilized
for the extraction of dynamic characteristics of cable from
the dynamic displacement response of a black circle target
attached on cable. The maximum number of black pixels is
determined in the selected ROI of the binary image, from
which the centroid of target and its dynamic displacement
response are extracted for cable force measurement. The
sampling rate of D-Viewer is 30Hz; namely, it is the same as
the frames per second (fps) of smartphone camera. Since D-
Viewer is a vision-based displacementmonitoring application
using smartphone camera, it requires the actual size of target
and the calibration for the actual displacement response.
Further details regarding the operation guide and structural
displacement monitoring of the smartphone application D-
Viewer can be found in [37]. The other two smartphones
referred to as Smartphone 3 and Smartphone 4 are used to
estimate the cable force using the proposed image processing
approach, respectively. One is mounted on the tripod, while
the other one is used for the handheld shooting of any
participant. Table 1 summarizes the relevant parameters of
iPhone 6 used in experiments [38].

To verify the accuracy and precision of the identified
natural frequencies, error analysis is carried out using the
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Table 1: Relevant parameters of iPhone 6 devices.

Operating system Display Chips Video recording

IOS 9

Retina HD display
4.7-inch (diagonal)
1334-by-750-pixel
resolution at 326 ppi
1400 : 1 contrast ratio

(typical)

A8 chip with 64-bit
architecture

M8 motion coprocessor
1080p HD video recording (30 fps or 60 fps)

Smartphone 1

Smartphone 3 Tripod

Cable model

Smartphone 2

Target

Figure 3: Installation of smartphones.

mean absolute deviation percent (MADP) shown in (6) and
the root mean square error (RMSE) shown in (7)

MADP = ∑𝑛𝑖=1 𝑓𝑏 − 𝑓𝑠∑𝑛𝑖=1 𝑓𝑏 , (6)

RMSE = √ 𝑛∑
𝑖=1

(𝑓𝑏 − 𝑓𝑠)2𝑛 , (7)

where 𝑛 is the number of replicates, 𝑓𝑏 are the natural
frequencies measured by smartphone built-in accelerometer
and smartphone camera mounted on the tripod and those
(handheld shooting) processed by MATLAB, respectively,
and 𝑓𝑠 are the natural frequencies measured by APP D-
Viewer, handheld shooting of smartphone camera, and those
(handheld shooting) processed by smartphone application,
respectively.

3.1. Laboratory Scale Cable Model Test

3.1.1. Overview of Experiment. The cable model is installed
in the Bridge Lab of Dalian University of Technology. The
model is a 15.53m single cable, and its linear mass density is
3.95 kg/m.The Smartphone 1 installed with APPOrion-CC is
fixed tightly on the cable model via mobile phone jacket, and
Smartphones 2 and 3 are mounted on a tripod via double-
sided adhesive tape to extract the dynamic characteristics of
cable without the shaking of smartphone camera. An organic
glass panel, on which there is a preprinted black circle of 2 cm
in diameter, is attached to the cable model using superglue.

Smartphone 4 is used to measure the cable vibration without
any tripod; that is, any participant shoots the cable vibration
with it in his hand and extracts the dynamic characteristics
of cable. The three smartphones except Smartphone 1 are
placed at about 20 cm away from the cable, respectively, so
that the field of view appropriate for the measurement is
satisfied without smartphone camera zoom. The reference
accelerometer is not installed on the cable because the
performance of smartphone built-in accelerometer for cable
force measurement has been validated through previous
studies [22]. Figure 3 shows the installation of smartphones.
The smartphone camera captures the cable vibration at a
resolution of 1920 × 1080 pixels with a sampling rate of
30 fps. The participant tries to keep a stationary posture as
much as possible during measurement.The test is carried out
simultaneously under the artificial knocking excitation and
the measuring time of the participant is set as 30 seconds
taking into account his patience during measurement.

3.1.2. Test Results. The boundary of cable model detected by
HT on the image of the first scene captured by smartphone
camera, the selected ROI, and the rotation of image are
shown in Figure 4. Figures 5–8 show the acceleration and
displacement-time history responses of cable model that are
measured by four smartphones, and the corresponding power
spectral densities (PSD), respectively.

Figure 8(a) shows the displacement-time history of cable
model that the participant measured with Smartphone 4 in
his hand, in which the red curve indicates the movement
contents of Smartphone 4 smoothed out in time domain
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Figure 4: Detection of cable boundary and rotation of image.
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Figure 5: Measurement using Smartphone 1: (a) acceleration-time history; (b) corresponding PSD.
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Figure 6: Measurement using Smartphone 2: (a) displacement-time history; (b) corresponding PSD.

by means of the moving average. The displacement-time
history of cable model is obtained according to the change
in the location of peak in the first-order finite-difference of
sums of pixel intensities in ROI, as shown in Figure 8(c).
The displacement-time history eliminated the movement

contents of smartphone and the corresponding PSD are
shown in Figures 8(b) and 8(d), respectively. Figure 9 illus-
trates three screenshots of smartphone application for cable
force measurement using handheld shooting. Table 1 com-
pares the natural frequency values of cable model in each
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Figure 7: Measurement using Smartphone 3: (a) displacement-time history; (b) corresponding PSD.
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Figure 8: Measurement using Smartphone 4: (a) displacement-time history (before moving average); (b) displacement-time history (after
moving average); (c) first-order finite-difference of sums of pixel intensities in ROI; (d) corresponding PSD of (b).
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Table 2: Comparison of frequencies of scale cable model.

Item Frequency (Hz)
1st 2nd 3rd 4th 5th

APP Orion-CC — 7.336 11.046 14.839 18.750
APP D-Viewer 3.716 7.350 11.083 14.833 —
Tripod 3.588 7.111 10.717 14.404 —
Handheld shooting 3.618 7.107 10.789 14.507 —
Smartphone APP 3.512 7.025 10.773 14.520 —

Table 3: Error analysis of identified frequencies at each mode.

Item MADP (%) RMSD (Hz)
2nd 3rd 4th 2nd 3rd 4th

APP D-Viewer 0.19 0.20 0.08 0.015 0.025 0.015
Tripod 2.24 1.96 1.75 0.148 0.214 0.283
Handheld shooting 2.65 2.34 2.30 0.196 0.259 0.342
Smartphone APP 3.13 2.49 2.15 0.257 0.275 0.320

mode of a typical test, which are extracted from PSD by
the peak picking method. The error analysis results in the
replicates, for the natural frequencies that are measured in
different ways using smartphone camera, are summarized in
Table 2, which are compared with those using smartphone
built-in accelerometer and smartphone application.

As can be seen in the figures, although the vibration
amplitudes and PSD peak values are different from each
other due to the differences of sampling rate, measuring
position, and measuring item, it is observed that the same
frequency components can be accurately obtained by the
different methods as shown in Table 2. The accuracy in fre-
quency increases as the vibration mode increases, as shown
in Table 3. Although the error in frequency changes with
different measurement ways, the frequency values extracted
by smartphone built-in accelerometer (Smartphone 1) and
smartphone camera (Smartphone 4) are highly comparable,
with remarkably small error of less than 3.13%.

Furthermore, it is observed that the first natural fre-
quency of cable model is clearly identified by the image
processingmethod using smartphone camera. In general, it is
very difficult to extract the first frequency of cable because the
measuring position of smartphone is relatively low compared
to the length of cable. Although it is impossible to obtain the
frequencies in the higher mode owing to the low sampling
rate of smartphone camera, the exact frequencies are iden-
tified in the lower vibration mode. The excellent agreement
is observed between the results of Smartphones 3 and 4,
demonstrating the unexceptionally good performance of the
moving average for eliminating the shaking of smartphone
camera during measurement.

The maximum error in the identified frequencies that
are analyzed by means of MATLAB is 2.65%, while those
analyzed by the smartphone application have a maximum
error of 3.13%. It is observed that the proposed image
processing approach is appropriate for the operating system
of smartphone.

As a result, the different tests show that the dynamic
characteristics of cable for cable force estimation can be
accurately identified by the handheld shooting of smart-
phone, without any target and the information on it, despite
the limitation of sampling time, sampling rate, and data
processing performance of smartphone.

3.2. Field Test

3.2.1. Overview of Experiment. In order to investigate the
feasibility of the vision-based cable force measurement on
actual structures, a field test is conducted on a cable-stayed
pedestrian bridge located in Dalian City, Liaoning Province,
China, as shown in Figure 10. The longest cable is chosen for
test at one side of tower.The cable is 21m in length and 75mm
in diameter. The linear mass density of cable is 18.5 kg/m.
Like the laboratory test, the same four smartphones are
used to measure cable force in the different ways. To ensure
the field of view appropriate for the measurement without
smartphone camera zoom, the smartphone cameras shoot
the cable vibration at about 30 cm away from the cable,
respectively. Again, the preprinted black circle of 2 cm in
diameter is used as a target to be tracked by Smartphone 2.

The smartphone camera captures the cable vibration at a
resolution of 1920 × 1080 pixels with a sampling rate of 30 fps.
The test is carried out simultaneously under the artificial
knocking excitation and the measuring time of the partici-
pant is set as 30 seconds. The participant also tries to keep a
stationary posture as much as possible during measurement.
Figure 11 shows the installation of smartphones.

3.2.2. Test Results. Figure 12 shows the cable boundary
detected by HT on the image of the first scene captured
by smartphone camera, the selected ROI, and the rotation
of image. Although the background of image is also very
complex, the boundary of cable can be accurately detected
by HT for the setting of ROI and the rotation of images.
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(a) (b) (c)

Figure 9: Cable force estimation using smartphone application: (a) displacement-time history (after moving average); (b) corresponding
PSD. (c) Natural frequencies of cable and cable force.

Cable 

30Ｇ30Ｇ

6
Ｇ

Figure 10: Dagong cable-stayed pedestrian bridge.

Smartphone 3

Tripod

Smartphone 1Target

Cable

Smartphone 2

Figure 11: Installation of smartphones.

The acceleration and displacement-time history responses
of cable that are measured by four smartphones, and the
corresponding PSD, are shown in Figures 13–16, respectively.
Figure 16(b) is enlarged (between 5 s and 7 s) to show more

Cable boundary

ROI

Cable 

Figure 12: Detection of cable boundary and rotation of image.

details on the moving average. Table 4 compares the natural
frequencies of cable in each mode that are measured in
different ways using four smartphones and the cable forces
determined from (5).

Like the laboratory test, although it is impossible to obtain
the frequencies in the higher mode owing to the low sam-
pling rate of smartphone camera, the exact frequencies are
identified in the lower vibrationmode. Again, the satisfactory
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Figure 13: Measurement using Smartphone 1: (a) acceleration-time history; (b) corresponding PSD.
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Figure 14: Measurement using Smartphone 2: (a) displacement-time history; (b) corresponding PSD.
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Figure 15: Measurement using Smartphone 3: (a) displacement-time history; (b) corresponding PSD.
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Figure 16:Measurement using Smartphone 4: (a) displacement-time history (beforemoving average); (b) enlarged displacement-time history
(before moving average); (c) displacement-time history (after moving average); (d) corresponding PSD.

Table 4: Comparison of cable forces for pedestrian bridge.

Item Frequency (Hz) Cable force (kN) Error (%)
1st 2nd 3rd 4th 5th

APP Orion-CC 4.961 9.939 14.968 20.063 25.132 1542.1
APP D-Viewer 4.966 9.966 14.983 — — 1521.2 1.4
Tripod 4.939 9.844 14.851 — — 1489.5 3.4
Handheld shooting 4.906 9.845 14.815 — — 1485.7 3.7
Smartphone APP — 8.284 — — — — —

agreement is obtained between the cable forces identified
using Smartphones 1 and 2, with a small error of less than
1.5%.

The cable forces measured by Smartphones 3 and 4
are highly comparable, demonstrating the unexceptionally
good performance of the moving average for eliminating
the shaking of smartphone camera during measurement.

The error in cable force measured by handheld shooting of
smartphone camera is very small (below ±5%). Although the
natural frequencies of cable are not accurately identified by
the smartphone application in the case of handheld shooting
because of the low amplitude of actual structure, the cable
forces analyzed by MATLAB agree very well with those of
using the smartphone built-in accelerometer.
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4. Conclusions

In the study, a vision-based approach is proposed for cable
force estimation using handheld shooting of smartphone
camera. The boundary of cable is selected as a target, and the
displacement-time history of cable is obtained according to
the change in its location in ROI of video image sequence
captured by smartphone camera. The location of the cable
boundary is identified as the location of the maximum first-
order finite-difference of the pixel intensity sums in ROI.
The noise associated with the shaking of smartphone camera
during measurement is eliminated by means of the moving
average in time domain.The comprehensive comparison tests
are carried out in different measurement ways, involving
target and nontarget method, fixed and handheld shooting,
and smartphone application andMATLBpostprocessing.The
following conclusions can be drawn from this study:

(1) In spite of the complexity of image background, the
boundary of cable is accurately detected on the image
of the first scene captured by smartphone camera,
and the accurate dynamic characteristics of cable are
rapidly identified by only one smartphone camera.

(2) Theunexceptionally good performance of themoving
average for eliminating the shaking of smartphone
camera is shown through the comparison with the
measurement by the smartphone cameramounted on
the tripod.

(3) The comparison with the displacement monitoring
application demonstrates that it is possible to estimate
cable force using smartphone camera without any
target and its actual size. Although it is impossible
to obtain the frequencies in the higher mode owing
to the low sampling rate of smartphone camera,
the exact frequencies are identified in the lower
vibrationmode.The frame rate of smartphone camera
is expected to continue to increase in the future.

(4) The measurement error of smartphone application
in the field bridge cable test shows that the higher-
performance smartphone should be used in the cable
force measurement.

(5) The laboratory and field tests demonstrate the advan-
tages over the traditional measurementmethods such
as convenience, ease of operation, and speediness.

It is noted that some of the issues are yet to be addressed
such as the measurement by environmental and traffic-
induced vibration, the remote measurement using smart-
phone camera zoom lens, the evaluation on shaking of smart-
phone camera using smartphone built-in sensors, and the
application for long-span cable-stayed bridges. Nevertheless,
this study demonstrates the feasibility of cable forcemeasure-
ment using handheld shooting of smartphone camera. Based
on the preliminary efforts, the authors are exploring themore
effective method for cable force estimation using smartphone
camera, in accordance with the improvement of smartphone.
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We have developed dual sonar equipment and an improved operating method for improving resolution in order to solve the
problems of limitations of the optical equipment and the applicationmethod of SSS (side scan sonar) in the investigation of damage
of underwater structures. We analyzed the influence factors of the resolution of sonar data through the comparison of resolution
and data quality in indoor test. Also we confirmed the problems about the overlapping area of the dual sonar. Depth and distance
were analyzed as major influencing factors for survey angle. Specimens were scanned while adjusting distance and towfish angle
according to depth change in order to verify applicability of the developed dual sonar in the field experiment. Optimal resolution
was found to be 3 cm in specimen spacing, and 20 sample data items were extracted. We developed the regression model based
on the multiple regression analysis and developed the RealDualSONAR-DAQ tool, the dual sonar optimum operating method
program based on proposed correlation equations. We can use the developed tools to get the value of the major influencing factors
for dual sonar operation and obtain high quality sonar data to analyze damage of underwater structures.

1. Introduction

In South Korea, after the collapse of the Seongsu Bridge
(1994) [1], the “Special Act on Safety Management of Public
Facilities” was enacted and promulgated, and the routine
inspections, the detailed inspections, and the precision safety
diagnosis are carried out regularly according to condition of
facilities. However, the possibility of disasters in bridges and
underwater structures is increasing due to the deterioration
of facilities and the increase in the frequency of rainfall due
to abnormal weather and scouring phenomenon around the
underwater structure, scaling and exfoliation of structure’s
surface, and damage and cracking due to the impact of float-
ing materials acceleration. And there is the high possibility
that the structurewill collapse due to the overturn or breakage
of the structure in severe cases [2].

In general, conventional methods have been used such
as underwater inspections by diving personnel and depth
surveying. This method uses optical equipment, so if the tur-
bidity is not good, it is difficult to identify the damage [3, 4].
In addition, divers have safety problems due to environmental
influences such as flowvelocity and tidal current and securing

visibility. The research to apply “Remote-Operated-Vehicle
(ROV)” or “SOund-NAvigation and Ranging (sonar)” as a
solution to problems is actively underway [5]. However, since
ROV is mainly used with the optical equipment, it is difficult
to apply it in the Korean sea where the turbidity is high
and the tide is strong [6]. Also, sonar is towing equipment
and is mainly used for surveying the river/sea bed. It is not
suitable for direct application to investigation of underwater
structures because angle adjustment is impossible.Therefore,
in this study, a development of effective equipment to inves-
tigate damage of underwater structures using sonar and an
operating method to improve the resolution of sonar data
were studied.

2. Applicability Analysis of Sonar Sensor

2.1. Theoretical Background of Sonar. Sonar is a device that
detects azimuth and distance of a target by a sound wave.
Since electromagnetic wave is transmitted faster and farther
than sound wave in the air, radar (Radio Detecting and
Ranging) is capable of detecting ground and marine object,
and corresponding equipment for underwater use is sonar.
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Figure 1: Irradiation form of sonar beam.

Table 1: The evaluation standard of resolution and data.

Class Resolution Data rating

A Structural evaluation possible
(Verification tile spacing over 90% of total area)

Excellent data accuracy
(Scanning wall over 4m)

B Possible to distinguish overall
(Verification tile spacing over 70% of total area)

Possible to distinguish the overall data
(Scanning wall over 3m)

C Can be identified for some area
(Verification tile spacing over 50% of total area)

Data can be separated for some area
(Scanning wall over 2m)

D Not identifiable overall
(Verification tile spacing over 30% of total area)

Poor data accuracy overall
(Scanning wall over 1m)

The sound wave applied to sonar has a pressure wave of about
1,500m/sec andhas the property of transmittingwell inwater.
Therefore, so far, various types of sonar have been developed
and operated according to the purpose and use, as the only
means of detecting targets in the water in an active or passive
way [7, 8]. Side scan sonar (SSS) system is an underwater
ultrasonic system that scans both sides. As a towfish (towed
underwater) is towed by the traction signal cable, the towfish
sends and receives ultrasound underwater from transducers
on both sides. It is a system that transmits a signal through
a traction signal cable and restores the shape into a two-
dimensional image using a signal and an image processing
apparatus [9].

2.2. Resolution Factor Analysis of Sonar Data. If you want
to focus on the subject when you take pictures using a
camera, you need to adjust the lens, aperture, shutter speed,
sensitivity, and so forth to get a clear picture. An autofocusing
function has been developed that automatically captures the
subject’s focus as it progresses from a manual camera to
a DSLR. Side scan sonar (SSS) also has factors that affect
the quality of data [10]. As shown in Figure 1, 𝑥 is an axial
direction of the towfish, 𝑦 is a perpendicular direction, and 𝑧
is a vertical direction. Since the main beam and the auxiliary
beam do not radiate in a regular shape, there may be a
difference in resolution depending on the contact surface of
the beam. Therefore, we tried to grasp influence factors for
obtaining high resolution data [7].

When operating underwater imaging equipment, the
resolution of data collected can vary depending on angle of
the towfish and distance from the structure [8].Therefore, we
carried out various verification experiments to obtain high

quality data by operating the underwater image acquisition
equipment appropriately according to the situation.Through
indoor experiments, we confirmed the resolution change of
the data collected at the same depth (5m) according to angle
of the towfish and distance from the structure as shown in
Figures 2(a) and 2(b).

As shown in Table 1, the resolution was evaluated accord-
ing to the verification of tile spacing in total area, and the
data grade was evaluated with range scanned in 5m wall.
As shown in (c) to (f) of Figure 2, the resolution and the
data quality were evaluated at different distances and angles.
Here, the yellow line in sonar data is tile joint in the wall and
the highlight in sonar data depends on sound intensity and
resolution. The resolution changes according to distance and
angle are summarized as the graph in Figure 3.

As shown in the above results, the resolution of sonar data
is influenced by distance from the structure and angle of the
towfish. The shape of the beams emitted from sonar is not
linear and the intensity of sound waves is different.Therefore,
it is considered that the resolution depends on angle and
distance.

2.3. Overlay Analysis. The existing SSS is basically equipped
with transducers on left and right sides of towfish for the
purposes of survey of the seabed. This equipment needs to
be improved in order to apply this equipment to underwater
structures’ surveys. In general, the underwater survey is car-
ried out to assess the damage of structures and bed topogra-
phy and to judge them comprehensively. Therefore, since the
existing SSS is difficult to simultaneously investigate riverbed
and underwater structures and work efficiency is low, two
towfishes are used to investigate river and underwater
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Figure 2: Indoor test and data.

structures, respectively. However, if two towfishes are oper-
ated, the overlapping of the sound waves occurs as shown in
Figure 4, so that the interference of sound wave may occur.
This was verified through laboratory experiments.

Figure 5 shows the overlapping area and nonoverlapping
of sonar data. (a) in Figure 5 shows concept of indoor test and
(b) is A grade of wall data to comparewith overlapping area of
sonar data. As shown in (c) and (d), the data of the overlapped
part could not distinguish the indoor pool tile spacing due to
sound wave interference, and the data quality was degraded.

If each control unit of two towfishes is used, sonar beam is not
emitted at the same time. Therefore, when the radiated beam
hits the surface of structure and reflects back, the interference
of each signal occurs. And it was confirmed that the status
cannot be surveyed by the acquired image.

As shown (a) in Figure 6, when sonar beam is emitted at
different intervals, the interference of sound waves occurred
with each other and sonar data quality is deteriorated.
Therefore, it is designed to be able to radiate sonar beam at
the same time as shown (b) in Figure 6.
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Table 2: Overlapping area occurs.

Classification Distance to the
structure Frequency Swath width Towfish angle Resolution grade

Towfish (A) 1.50m 1250 kHz 16m R 70∘ A
Towfish (B) 3.80m 1250 kHz 16m L 20∘

Towfish ①Towfish ②

② ①
Towfish ①Towfish ②

(a) Concept of Case 1 (overlapping area) (b) Case 1 sonar data
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Figure 3: Change in resolution depending on distance and angle.

Figure 4: Occurrence of overlapped area due to acquisition of
bidirectional underwater image.

In order to solve these problems, a controller and a dual
sonar are developed as shown in Figure 6(c) so that sonar
beams can be emitted simultaneously from two towfishes.The
developed dual sonar is designed as shown in Figure 6(d) to
control two towfishes simultaneously and to control sound
wave irradiation interval of each towfishes. The beam is
simultaneously radiated from the module of the transducer,
thereby solving the problem that the interference of sound
wave occurs.

3. Field Application Analysis and
Resolution Enhancement Technique

3.1. Application of the Dual Sonar Sensor. In order to analyze
the field applicability of the developed dual sonar, we mea-
sured the foundation and the lower surface of piers at towfish
(right) and towfish (left) at the same frequency in the test-bed.
Field test was performed with the existence of overlapping
interval as a variable.

Table 2 shows the result of experiment in which overlap-
ping sections are generated, and Table 3 shows experimental
result in the case where there are no overlapping sections.The
data of number 1 towfish and number 2 towfish in Table 2
show a resolution level despite the overlapping area. And
there is no difference in resolution grade compared to the data
in the case of no overlapping section.

As a result of comparing data that caused overlap and data
that did not overlap, it was found that there was no difference
in the quality and resolution of the data. So, it is considered
that there is no influence of scattering and disturbance of
sound waves in the overlapping section. The developed dual
sonar can investigate underwater structures in addition to
the surveying of river bed topography of the existing SSS. As
underwater structures and river are simultaneously surveyed,
the inspection period can be shortened and the inspection
cost can be saved.

3.2. Resolution Enhancement by Multiple Regression Analysis.
Through laboratory experiments, sonar data were confirmed
to be influenced by distance from the structure and angle of
the towfish. As the depth of field changes, angle of the towfish
or distance is expected to change. In the field experiment,
the prepared specimen was scanned while adjusting distance
from the structure and angle of the towfish according to
depth change.The specimen was scanned while adjusting the
distance to the structure and angle of incidence according to
the depth change. Optimal resolution was found to be 3 cm in



Journal of Sensors 5

Table 3: No overlapping area exists.

Classification Distance to the
structure Frequency Shooting width Towfish angle Resolution grade

Towfish (R) 1.50m 1250 kHz 16m R 45∘ A
Towfish (L) 3.80m 1250 kHz 16m L 10∘

Towfish ①Towfish ②

② ① Towfish ①Towfish ②

(a) Concept of Case 2 (no overlapping area) (b) Case 2 sonar data

1.80 2.47

5.
00

②

①

20
∘

(a) Beam overlapped area (b) Wall data

(c) Bed Overlap 1 (d) Bed Overlap 2

Figure 5: Experimental diagram and data of interference according to frequency band.

specimen spacing, and 20 sample data itemswere extracted as
shown in Figure 7. The white box in Figures 7(c) and 7(d) is
the scanned image of specimen (b).

As shown in Table 4, when surveying underwater struc-
tures and riverbed, the left and right towfish are indicated as
A+C, and in the case of only surveying the riverbed, towfish
is indicated byB +C.

Multiple regression analysis is regression analysis where
multiple independent variables are used to indicate changes
in dependent variables when dependent variables are

expected to be affected by two or more independent variables
[2, 11]. When the number of independent variables is 𝑘, the
regression model is as follows:

𝑦𝑖 = 𝛽0 + 𝛽1𝑥𝑖1 + 𝛽2𝑥𝑖2 + ⋅ ⋅ ⋅ + 𝛽𝑘𝑥𝑖𝑘. (1)

Here, 𝑦 is a dependent variable, 𝑥1, . . . , 𝑥𝑘 are the given
independent variables, and 𝛽1, . . . , 𝛽𝑘 are the unknown
regression coefficient. In this study, we have established a
second-order or higher-order curve estimation model such
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Figure 6: Graph of waveform and circuit diagram of the dual sonar.
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Figure 7: Field application experiment.
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Table 4: Sample data.

Number Depth (m) A Towfish (L) (wall) B Towfish (L) (bed) C Towfish (R) (bed)
Angle (R) Distance (m) Angle (R) Distance (m) Angle (R) Distance (m)

1 4.6 53.6 1.6 −2.7 14.0 140.0 3.9
2 3.8 51.2 1.5 −2.4 13.6 141.0 3.8
3 3.1 50.6 1.4 −2.1 13.3 143.0 3.7
4 9.1 51.3 1.6 −3.1 16.1 137.0 3.9... ... ... ... ... ... ... ...
15 7.3 50.4 1.3 −3.0 15.2 138.5 3.6
16 3.9 51.5 1.2 −3.1 13.6 139.9 3.5
17 4.8 51.2 1.2 −2.7 14.0 139.5 3.5
20 8.2 50.2 1.4 −3.0 15.7 138.1 3.7

as since the relationship between angle of the towfish (depen-
dent variable) and two independent variable distributions is
more than quadratic.

𝑓 (𝑥, 𝑦) = 𝛽00 + 𝛽10𝑥 + 𝛽01𝑦 + 𝛽20𝑥2 + 𝛽11𝑥𝑦
+ 𝛽02𝑦2. (2)

The basis of multiple regression analysis is the method of
least residual squares. To minimize this error, the function is
differentiated for each unknown. This is a method of going
back to a value whose differential value becomes zero [12].
The coefficient of correlation used in this study is coefficient
of determination and adjusted 𝑅-square, and the coefficient
of determination can be expressed as the square of the
correlation coefficient 𝑅 [13]. In addition, to prevent the
correlation 𝑅adj2 from increasing because of the addition
of a relatively low independent variable, the coefficient of
determination after adjustment was used [14]. This is shown
in the following:

𝑅adj2 = 1 − (1 − 𝑅2) (𝑛 − 1)𝑛 − 𝑘 − 1 . (3)

To verify the reliability of the derived multilinear regres-
sion equation, correlation coefficient, decision coefficient,
correction coefficient, and error were calculated. The error
was calculated using RMSE (Root Mean Square Error), and
the error is shown in the following:

RMSE = √ 1𝑁
𝑛∑
𝑖=1

(𝑀𝑛 − 𝑃𝑛)2. (4)

The Matlab 2016b program was used to analyze the
correlation between depth of the water and angle of the
towfish, and the multiple regression model for the final
towfish survey is shown in the following (5) to (7). From
(2), dependent variables 𝑥, 𝑦 and regression coefficients𝛽00, . . . , 𝛽02 were obtained as follows.

𝑌LS = 100.3 + 1.953𝑥 − 81.38𝑦 − 0.0128𝑥2 − 1.396𝑥𝑦
+ 32.98𝑦2 (5)

Figure 8: Dual sonar sensor operating program tool.

𝑌LB = 941.2 + 90.93𝑥 − 168.8𝑦 + 2.151𝑥2 − 8.089𝑥𝑦
+ 7.537𝑦2 (6)

𝑌RB = 131.9 + 3.919𝑥 − 1.87𝑦 + 0.06189𝑥2 − 1.421𝑥𝑦
+ 1.453𝑦2, (7)

where 𝑥 is depth of water, 𝑦 is distance from the structure,𝑌LS
is angle of the towfish (left) when surveying the underwater
structure, 𝑌LB is angle of the towfish (left), and 𝑌RB is angle of
the towfish (right) when surveying the bed. The regression
model graphs and decision coefficients are summarized in
Table 5.𝑅2 (𝑅-square), which is the adjusted coefficient of deter-
mination, is 0.65∼0.93, and the effect of distance between
water depth and structure on angle of the towfish is 65∼
93%. As shown in Table 6, the significance of the proposed
regression coefficients was obtained by 𝑡-test [15]. As a result
of analysis, the distance between water depth and structure
showed a major influence on angle of the towfish. In this
case, since the 𝑃 value, which is probability of significance,
indicates the degree of rejection of the null hypothesis that the
independent variable affects the dependent variable, it can be
judged that the smaller the𝑃 value is, themore significant it is
[14, 16]. The larger value and the more independent variables
affect the dependent variable because the standardization
factor (𝛽) is an indicator of the influence of each independent
variable on the dependent variable [17].

The RealDualSONAR-DAQ such as that in Figure 8, a
program for the operation of distance between water depth
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Table 5: Multiple regression analysis results.

Graph Classification Value

Towfish (L)
(structure)

Degree versus depth, distance
53

52

51

50D
eg

re
e (

∘
)

1.7
1.6

1.5 1.41.3 1.2
Distance (m)

3 4 5 6 7 8 9 10 11

Depth (m)

SSE 1.589𝑅-square 0.8936
Adjusted𝑅-square 0.8493

RMSE 0.3639

Towfish
(L) (bed)

Degree versus depth, distance

D
eg

re
e (

∘
)

Distance (m) Depth (m)

17.5
16.5

15.5
14.5

13.5 3 4 5 6 7 8 9 10 11

−2.2
−2.4
−2.6
−2.8
−3

−3.2
−3.4

SSE 0.3823𝑅-square 0.7546
Adjusted𝑅-square 0.6523

RMSE 0.1785

Towfish
(R) (bed)

Degree versus depth, distance

D
eg

re
e (

∘
)

Distance (m) Depth (m)

143
142
141
140
139
138
137

4
3.9

3.8 3.7
3.6 3.5 3 4 5 6 7 8 9 1011

SSE 1.771𝑅-square 0.951
Adjusted𝑅-square 0.9306

RMSE 0.384

Table 6: Coefficient of effective factors.

Effective factors 𝐵 𝛽 𝑡 𝑃
Towfish (L) (structure) Depth −0.308 −0.740 −3.966 0.001

Distance 3.708 0.600 3.215 0.006

Towfish (L) (bed) Depth −1.089 −8.099 −2.706 0.016
Distance 2.042 7.390 2.469 0.026

Towfish (R) (bed) Depth −0.637 −0.983 −9.245 0.000
Distance 1.801 0.187 1.762 0.098



Journal of Sensors 9

and structure and angle of the towfish, was developed based
on the equation derived by the above regression analysis and
provides operational information of sonar by linking sonar
survey distance and angle. The high resolution data can be
obtained by entering type and depth of structure in the setting
window before the dual sonar operation.

4. Conclusion

In this study, we developed the equipment to investigate
damage of underwater structures effectively using the dual
sonar and studied the operation method to improve the
resolution of sonar data. Through the indoor experiment,
we confirmed sound wave interference phenomenon in
the overlapping section of the dual sonar operation and
verified that sonar data resolution depends on the distance
between water depth and structure and angle of towfish.
In the dual sonar operation, the problem of sound wave
interference phenomenon which occurred in the overlapped
region was solved by the control part design and module
development, and it was verified through the field experi-
ment.

In addition, it was found that the optimal resolution
was obtained when the interval of 3 cm specimens could be
identified through the test, and 20 sample data items for each
survey item were extracted. The regression model for the
object of investigation was derived through multiple regres-
sion analysis. The derived regression model explains that
the influence of distance between water depth and structure
on angle of the towfish angle is 65∼93%. The significance
test was confirmed by 𝑡-test, and distance between water
depth and structure was found to have a major influence on
the survey angle. The RealDualSONAR-DAQ, the dual sonar
operating program, was developed based on the derived
correlation. Since this is based on empirical data of the dual
sonar of 1MHz, it is necessary to verify and update the
derived model through a lot of data accumulation in the
future.

Through this study, it is possible to obtain the appropriate
survey angle of towfish by using data of depth and distance
collected from the field. Therefore, it is possible to prevent
degradation of sonar data due to inexperienced operations
and to obtain good sonar data to analyze damage of under-
water structure. Based on the accurate sonar data, which is
the result of this study, it is considered that reliable safety
evaluation of underwater structures is possible.
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