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A wireless sensing system for structural health monitoring (SHM) of harbor caisson structures is presented. To achieve the
objective, the following approaches were implemented. First, a wave-induced vibration sensing system was designed for global
structural health monitoring. Second, global SHM methods which are suitable for damage monitoring of caisson structures
were selected to alarm the occurrence of unwanted behaviors. Third, an SHM scheme was designed for the target structure by
implementing the selected SHM methods. Operation logics of the SHM methods were programmed based on the concept of the
wireless sensor network. Finally, the performance of the proposed system was globally evaluated for a field harbor caisson structure
for which a series of tasks were experimentally performed by the wireless sensing system.

1. Introduction

According to a report of the Intergovernmental Panel on
Climate Change [1], global warming is unambiguous. As sea
surface temperature increases, water vapor in the lower tro-
posphere also increases, and so does the energy of typhoons.
The relationship between global warming and increased
typhoon activity and intensity has been verified, reported by
studies based on analyses of historical records and simulation
results [2–4]. It was also reported that typhoons in the
western North Pacific (WNP), including Korea, have become
more intense as measured by their frequency in hurricane
categories 4 and 5 [5] or the power dissipation index [3].
A strong typhoon usually brings strong winds and heavy
rains, causes severe surge and floods, and then results in
significant loss of life and property. Accordingly, the increase
of typhoon intensity and frequency makes severer damages
over the Pacific Ocean from the Philippine Islands to Taiwan,
Japan, Korea, and the southwestern coast of China.

In general, coastlines, interfaces between ocean and land,
are facing a severe state of typhoon than inland; thus, the

safety of coastal structures becomes more significant under
storm waves. The safety can be checked in a regular or irreg-
ular time scale, depending on the state of the target coastal
structures and occurrence of extreme loading conditions
such as typhoons. The safety is usually done by structural
health monitoring (SHM) to identify existing damages in
the target structures, gravity type or pile type, and finally to
make an assessment of their healthy status. In the gravity-
type coastal structures, the damages can be classified into
settlement, overturning, or sliding. Local defects such as
scouring and disturbance in foundation can also occurr and
these defects tend to propagate into severer damages, that is,
the global damages, such as partial settlement, under extreme
wave forces. Thus, it is imperative to capture the local defects
in time, at least just before these defects become a real threat.

In South Korea, most coastal or harbor structures have
been constructed as gravity type and recently, thanks to
the advances in concrete and towing and laying technology,
very large caissons, a gravity type, became popular for
constructing breakwaters, quays, and so forth. Considering
the report [6, 7], significant damages of harbor caissons
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are mostly attributed to foundation-structure interface that
is, foundation mound. Goda and Takagi [8] and Takahashi
et al. [9] also reported that sliding at the foundation-
structure interface is the primary damage of caissons. It is
known that cavity in foundation mound or backfill makes
harbor caissons weaker against extreme loads such as storm
waves, mainly occurred from typhoon. Thus, SHM for
gravel mounds for existing caisson structures is absolutely
demanded.

Since as early as the 1980s, many researchers had studied
SHM techniques in the field of civil engineering [10, 11]
by mainly performing vibration-based damage monitoring
of civil structures [12–14]. Also, many researchers have
worked on developing damage detection methods such as
the modal sensitivity method, modal flexibility method,
genetic algorithm, and neural network [15–20]. Related to
the damage detection, sensor placement techniques have
been studied and evaluated by applying to the tower structure
[21, 22].

Up-to-date research studies, however, have focused
mostly on inland structures but only few research efforts have
been made to harbor structures, which include vibration
response analyses of soil-structure or fluid-soil-structure
interactions in harbor caisson structures [23, 24] and SHM
of a cylinder caisson using fiber grating sensing technology
[25]. Considering harbor caisson structures, there exist
research needs to monitor vibration responses with limited
access and to identify sensitive vibration methods of a row of
caisson units with respect to damage in caissons foundation
and/or damage in caisson’s interlocking members.

The demand to test full-scale structures has led structural
engineers to develop new methods to perform such experi-
ments, that is, input-output (forced vibration) and output-
only (ambient vibration) modal identification methods.
Since it is difficult to excite large and massive civil structures
in a controlled manner, the performance of output-only
modal identification tests became an alternative in the
field of civil engineering. Bridge structures have been the
representative target to verify the efficiency of output-only
modal identification [26–30]. Also, other structures have
been tested through the identification [31–34]. These studies
show that ambient tests have been successfully applied to a
number of large bridges, towers, storage tanks, and buildings.
Thus, in this study, we applied vibration-based SHM on
massive caisson structures that cannot be excited by forced
vibration. In other words, instead of using forced vibrations,
we used water wave-induced vibrations for SHM, which
utilized by ambient vibration modal identification methods.

Output-only modal identification methods can be classi-
fied into two groups: parametric methods in time domain
and nonparametric methods essentially developed in the
frequency domain. The frequency domain methods are
initiated by the construction of power spectral densities
(PSDs) involving all of the measurement points in the test
program. In this study, we also used PSDs and, consequently,
correlation coefficient (CC) and lower control limit (LCL) to
alarm the damaged states. Namely, the occurrence of damage
was indicated when the standard deviation of CC values is
beyond the bound of LCL. In addition, the frequency domain

decomposition (FDD) method was used to extract modal
parameters such as natural frequency and mode shape. These
modal parameters were used to determine a reference state
and, accordingly, distinguish the healthy states of the target
caissons.

Recent development in wireless smart sensor node
(SSN) technologies has motivated various applications in
the frequency domain-based SHM of massive engineering
structures. So far, numerous field works have demonstrated
that wireless smart sensors can be used to construct a
reliable and accurate SHM system [35–40]. In addition
to the relatively lower cost than wired SHM systems, one
of the great advantages for using wireless sensors is that
autonomous operations for SHM can be implemented by
embedding advanced system technologies. In the study, we
also proposed a vibration-based wireless sensing system
comprising an accelerometer, wireless data logger, wireless
receiver, and laptop. Moreover, an autonomous SHM scheme
was developed utilizing CC and modal parameter-based
method, which were operation logics of the proposed SHM.

In summary, we present a wireless sensing system for
structural health monitoring of harbor caisson structures.
To achieve the objective, the following approaches were
implemented. First, a wave-induced vibration sensing sys-
tem was designed for global structural health monitoring.
Second, global SHM methods which are suitable for damage
monitoring of caisson structures were selected to alarm the
occurrence of unwanted behaviors. Third, an SHM scheme
was designed for the target structure by implementing the
selected SHM methods. Operation logics of the SHM meth-
ods were programmed based on the concept of the wireless
sensor network. Finally, the performance of the proposed
system was globally evaluated for a field harbor caisson
structure for which a series of tasks were experimentally
performed by the wireless sensing system.

2. Wireless Monitoring System for
Harbor Caisson

2.1. Vibration-Based Wireless Sensing System. Figure 1 shows
the proposed vibration-based wireless sensing system. One
system is comprised of accelerometers, wireless data loggers,
a wireless receiver, and a laptop, as shown in Figure 1.
Rechargeable battery, which supplied electric power to the
data logger itself and to the accelerometer through the BNC
cable, was embedded in the data logger. Electric power
for receiver was supplied by external portable battery. In
the system, as shown in the figure, the ith accelerometers
captured the signals and transported the captured to the
ith data loggers by the BNC cables, then the transported
signals were wirelessly transmitted to the receiver, and finally
the signal arrived to the laptop via the LAN cable. To
acquire the wave-induced, micro-vibration signals, we used
PCB393B03 model for the accelerometers, which have the
measurable range of ±0.5 g and sensitivity of 10 V/g. In the
wireless communication, 2.4 GHz Bluetooth of transmitting
frequency was used to range its communication to 1.2 km.
The wireless data loggers had a programmable low pass filter
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Figure 1: Schematic of wireless vibration sensing system.
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Figure 2: An autonomous SHM procedure for PSD-based method.

from 10 Hz to 1 kHz and resolution of 16 bits. Also, the
available sampling frequency ranged from 1 Hz to 1 kHz and
the accuracy of synchronization was in 10 Ms.

The wireless sensing system utilized the vibration-based
SHM methods PSD–based method and modal parameter-
based method. Moreover, an autonomous operation was car-
ried out in the wireless sensing system by the operation logics
based on correlation coefficient of power spectral density and
modal parameter-based method. The brief introduction to
the SHM methods and autonomous operation are briefly
explained in the following sections.

2.2. Vibration-Based SHM Methods

2.2.1. Power Spectral Density-Based Method. Assume there
are two acceleration signals, x(t) and y(t), measured before
and after a damaging episode, respectively. The corre-
sponding power spectral densities (PSDs), Sxx and Syy , are
calculated from Welch’s procedure as [41]

Sxx
(
f
) = 1

ndT

nd∑
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(
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(
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where X and Y are the frequency response transformed
from correspondent acceleration signal; nd is the number of
divided segments; T is the data length of divided segment.

The correlation coefficient (CC) of PSDs represents the
linear identity between the two PSDs obtained before and
after a damage event, as follows:

ρXY =
E
[
SxxSyy

]
− μSxxμSyy

σSxx σSyy
, (2)

where E[·] is the expectation operator and σSxx and σSyy are
the standard deviations of PSDs of acceleration signals mea-
sured before and after damaging episode, respectively. If any

Acc-SSNi

Remote
control server

Storage of result

W
ir

el
es

s 
T

X
St

ar
t 

co
m

m
an

d

W
ir

el
es

s 
R

X
A

cc
el

er
at

io
n

 s
ig

n
al

Mode shapeNatural
frequency

SVD

PSD S(ω)

Xi(t)

Figure 3: An autonomous SHM procedure for modal parameter-
based method.
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Figure 4: Oh-Ryuk-do caisson-type breakwater.

damage occurs in target structure, its acceleration responses
would be affected and, consequently, the decrement of CC
can be a warning sign of the presence of damage.

For damage alarming, control chart analysis is also
performed to discriminate damage events from the CC
values. The alarming threshold is determined by the lower
control limit (LCL) as follows:

LCLρ = μρ − 3σρ, (3)

where μρ and σρ are the mean and the standard deviation
of the CC values, respectively. The occurrence of damage is
indicated when the CC values are beyond (i.e., less than)
the bound of the LCL; otherwise, there is no indication of
damage occurrence.

2.2.2. Modal Parameter-Based Method. Frequency domain
decomposition (FDD) method [42, 43] is used to extract
modal parameters such as natural frequency and mode
shape. The singular values of the PSD function matrix S(ω)
are used to estimate the natural frequencies instead of the
PSD functions themselves as follows:

S(ω) = U(ω)TΣ(ω)V(ω), (4)

where Σ is the diagonal matrix consisting of the singular
values (σi’s) and U and V are unitary matrices. Since S(ω)
is symmetric, U becomes equal to V. In this FDD method,
the natural frequencies can be determined from the peak
frequencies of the singular value, and the mode shape from
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Figure 5: Test layout of Oh-Ryuk-do breakwater.

z y

x

Measuring points

Parapet placed area

1
2

SW side
3

NE side

Offshore

Inner
harbor

y

x

2-z

2-y

1-z

3-y

y-directional accelerometers

z-directional accelerometers

Figure 6: Schematic of wireless vibration sensing system.

any of the column vectors of U(ω) at the corresponding
peak frequencies. Generally the first singular value σ1(ω)
among σi’s (i = 1, . . . ,N) is used to estimate the modal
parameters except in some special cases such as with two or
more identical excitations.

2.3. Autonomous SHM Scheme

2.3.1. Power Spectral Density-Based Method. An autonomous
SHM procedure for PSD-based method is designed as shown
in Figure 2. The detailed procedure is as follows: (1) transmit
“start command” by remote control server to the Acc-
SSN (acceleration-based smart sensor node); (2) acquire
acceleration signals and store the measurement data in the
Acc-SSN; (3) transmit the acceleration signal by the Acc-SSN
into the remote control server; (4) compute power spectral
density in the remote control server using the embedded
FFT algorithm; (5) calculate correlation coefficient in the
remote control server; (6) determine if damage is occurred
by performing the control chart analysis.

2.3.2. Modal Parameter-Based Method. An autonomous
SHM procedure for the modal parameter-based method
is designed as shown in Figure 3. The detailed procedure
is as follows: (1) transmit “start command” by remote
control server to the Acc-SSN (acceleration-based smart
sensor node); (2) acquire acceleration signals and store

the measurement data in the Acc-SSN; (3) transmit the
acceleration signal by the Acc-SSN into the remote control
server; (4) compute power spectral density in the remote
control server using the embedded FFT algorithm; (5)
calculate natural frequency and mode shape using singular
value decomposition (SVD) in the remote control server.

3. Field Evaluation

3.1. Target Caisson Structure. A real caisson-type breakwater
locating in Busan, South Korea, Oh-Ryuk-do breakwater was
selected to verify the applicability of the proposed vibration-
based SHM technique, as shown in Figure 4. The breakwater
consisted of 50 caissons and its total length was 1,004 m.
Each caisson is covered by cap concrete to the height of 4 m.
Parapet structure, which has 5.3 m height and 8.8 m width,
is located above the caisson units except 1–3 and 48–50.
The parapet structure increases the crest height of breakwater
and gives higher calmness of harbor. All of the caissons
were submerged in seawater and only their cap concretes
were exposed in air. Three target structures, which have the
same geometry with the parapet, were selected to compare
the relative vibration responses by wireless vibration sensing
system. Vibration tests were mainly performed on target
caissons denoted by 18, 19, and 20 as shown in Figure 5.
The size of each caisson is 20 m (width) × 20 m (length) ×
16.78 m (depth).
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Figure 7: Sensor installation on the caisson.
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Figure 8: Acceleration signals obtained from sensor 2-y and 2-z of caisson 18.

3.2. Wave-Induced Ambient Vibration Test. In general, it is
not easy to acquire forced vibration responses from heavy
structures like Oh-Ryuk-do breakwater. To get the response,
we may need a tugboat, which was not a possible option
in the test. Instead, we measured ambient vibration signals
without using any artificial impact load by utilizing the fact
that the caisson structures were under incident waves and
wind loads.

The measurement was made by the wireless vibration
sensing system as schematically shown in Figure 1. As
explained earlier, wireless vibration sensing system consisted
of accelerometers, wireless data loggers, a wireless receiver,
and a laptop. A system of 12 acceleration channels was
employed to get the vibration responses of three target
caisson units at the same time. Four channels were assigned
to each caisson unit (18, 19, and 20) along the direction of the
wave incident (y-direction) and upward vertical direction (z-
direction), as shown in Figure 6. The sensors are denoted by
2-y, 3-y, 1-z, and 2-z, respectively. Here the first notation (1,
2, or 3) indicates the location of the sensors and the second

notation (y or z) denotes the direction of acceleration. The
orientation of sensors on the three caisson units was set
as same as each other. Before installing the sensors in the
precast steel blocks, the surfaces of the top concrete caps were
ground down as shown in Figure 7(a). Figure 7(b) shows the
components of local node and installed local node for three
measuring points. Representative received signals, obtained
from 2-y and 2-z of 18, were shown in Figure 8. As shown,
the acceleration of the sensor 2-y has a bigger acceleration
level than that of sensor 2-z because the wave-induced,
ambient vibration was of the same direction as the y-axis.

3.3. Vibration-Based Damage Monitoring. For the three
target caissons, damage monitoring was performed by the
proposed methods. In the first step, six sets of acceleration
measurements were acquired from each caisson and PSDs
corresponding to the sets were calculated. The PSDs cor-
responding to the first set of each caisson were shown in
Figure 9, respectively. We can observe from Figure 9 that
there are two peaks in the frequency range from 0 to 5 Hz
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Figure 9: Power spectral densities of caissons 18–20.

and the y-direction responses are clearer than the z-direction
responses. This result comes from the incident wave motion
along with the y-axis on the caisson response. The first peak
is located at the fixed value of 1.51 Hz for all of the caissons
while the second peak is located approximately at 2.5 Hz
with the variances such as 2.69 Hz in 18, 2.49 Hz in 19,
and 2.54 Hz in 20. The maximum difference of the second
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their relative motion.

peak values is about 8%, which means structural abnormality
is sensitive to the second peak. In the second step, planar
mode shapes (mode 1) were extracted to examine the
relative motions between interfaces, as shown in Figure 10.
Frequency domain decomposition (FDD) algorithm [43]
was used to extract the mode shapes corresponding to the
first frequency 1.51 Hz. As shown, the relative motion of 19
is much larger than those of 18 and 20. Between 18 and
20, the relative motion of 18 is slightly smaller than that
of 20; thus, the caisson 18 was selected as the reference
and then the states of 19 and 20 were compared with that
of the reference caisson. In the final step, CC values were
calculated and, accordingly, LCL values were determined as
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Figure 11: Correlation coefficient of PSD for caissons 18–20.

shown in Figure 11. This figure illustrates the relative gaps
in the healthy states among the caissons. The correlation
between 18 and 19 is bigger than that between 18 and 20,
which means the healthy state of 19 is worse than that of 20.
This observation becomes clearer in the results from 1-z and
3-y because the gaps between the caissons are extinct.

4. Conclusion

In this study, a wireless sensing system for monitoring of the
caisson structures of Oh-Ryuk-do breakwater was presented.
The following approaches were implemented to achieve the
objective. Firstly, a wave-induced vibration sensing system
was designed for global structural health monitoring. Sec-
ondly, global SHM methods, utilizing correlation coefficient
and modal parameters, were selected to alarm the occurrence
of unwanted behaviors. Thirdly, autonomous SHM scheme,
implementing correlation coefficient and modal parameter-
based method, was designed for the target structure. Oper-
ation logics of the SHM methods were programmed based
on the concept of the wireless sensor network. Finally, the
performance of the proposed system was globally evaluated
the caisson structures for which a series of tasks were
experimentally performed by the wireless sensing system.

From the field test, we found that the proposed wireless
sensing system can make an assessment of the healthy
states of the target caissons by implementing the value of
correlation coefficient with respect to the bound of the
lower control limit. For the implementation, we need to
establish the reference state, which can be possibly identified
by comparing the relative motions of the target caissons. It
should be also noted here that the direction of accelerometer
is quite significant to get a strong signal. In this study,
we found that the wave-induced, ambient vibration gave
a strong signal when accelerometers were along with wave
direction. Moreover, it is found that the clear peaks were
established in the power spectral densities obtained from
the sensors located in the y-direction. This fact supports
the correlation coefficients extracted from the sensor 3-y,
which distinguish the healthy states of the three caissons.
However, the correlation coefficients from the sensor 1-z also
gave a distinct assessment. It seems that the sensor location
is also an important factor to get a promising test result,
along with the sensor orientation. Thus, the distributed
sensor system should be addressed with promising damage
detection methods, schemes, and wireless networks.

This study shows a successful wireless monitoring pro-
cedure for the harbor caisson structures. Thus, we believe
that the proposed wireless SHM method and process provide
invaluable information for designers, construction crews,
and field engineers when they design, construct, and inspect
caissons of breakwaters and quays, which are widely used
in connection with men and goods transportation from the
mainland to an island, and from a nation to other nations.
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[31] S. S. Ivanović, M. D. Trifunac, E. I. Novikova, A. A. Gladkov,
and M. I. Todorovska, “Ambient vibration tests of a seven-
story reinforced concrete building in Van Nuys, California,
damaged by the 1994 Northridge earthquake,” Soil Dynamics
and Earthquake Engineering, vol. 19, no. 6, pp. 391–411, 2000.

[32] T. Yin, H. F. Lam, H. M. Chow, and H. P. Zhu, “Dynamic
reduction-based structural damage detection of transmission
tower utilizing ambient vibration data,” Engineering Struc-
tures, vol. 31, no. 9, pp. 2009–2019, 2009.

[33] M. Amiri and S. R. Sabbagh-Yazdi, “Ambient vibration test
and finite element modeling of tall liquid storage tanks,” Thin-
Walled Structures, vol. 49, no. 8, pp. 974–983, 2011.
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