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ABSTRACT

In this study, dynamic characteristics of caisson-foundation system are analyzed
from in-situ ambient vibration measurement. Firstly, dynamic responses of caisson-
foundation system are measured at a real caisson system which excited by wave action
under various water-level condition. Secondly, modal parameters such as natural
frequency, modal damping ratio and mode shape are extracted from the dynamic
responses of the caisson-foundation system using output-only modal analysis method.
Thirdly, finite element analyses of the caisson-foundation system are implemented to
verify the feasibility of extracted dynamic characteristics of the target caisson
breakwater system. Finally, dynamic characteristics of the target caisson system are
examined for the effect of water-level variation on modal parameters.

1. INTRODUCTION

Breakwaters are structures constructed on coasts as part of coastal defense or
to protect a harbor. It can be constructed with one end linked to the shore, otherwise
they are positioned offshore with some distance from shoreline. The breakwater
structure is designed to absorb the energy of the waves that hit it, either by using mass
(e.g., with caisson), or rubble mound. In case of caisson-type breakwater, the caissons
stand on foundation mound which include not only rubble mound but also seabed. The
structural instability also results in weakening the global functionality against settlement,
overturning and sliding which are mainly attributed to local defects in the caisson-
foundation subsystems (Oumeraci and Kortenhaus, 1994; Goda, 1994; Lamberti et al.,
1999; Lee et al., 2009).

According to the effect of global warming, the climate conditions in offshore
area have been changed. As the phenomena of the global warming, size of storm or
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typhoon become larger and their repetition frequency is increased. There were severe
failure events of breakwaters (Franco, 1994; Oumeraci and Kortenhaus, 1994;
Tanimoto and Takahashi, 1994; Takayama and Higashira, 2002; Maddrell, 2005).
Kyoto University in Japan have studied sliding of breakwater with respect to change of
external force due to global warming. In the results, sliding was increased 60~200%
due to global warming (Tsujio et al., 2011). It means that the loads acting to the coastal
structure become severe and the structure need more enough resistance. The
additional resistance can be obtained by employment of higher design force for new
structure or reinforcement for existing structure. In case of the existing structure, correct
diagnosis of structural condition is important to perform appropriate reinforcement.

The structural dynamic characteristics has been adopted as a promising tool to
assess the integrity of civil infrastructure (Stubbs et al., 1992; Doebling et al., 1996;
Sohn et al., 2003; Ko and Ni, 2005). In spite of those research efforts, the application of
the vibration-based techniques to gravity-type caisson breakwater systems have
received a little attention because of the limited accessibility for vibration
measurements, the high-power excitation needed for forced-vibration tests, and the
difficulty in vibration response analysis.

Recent research attempts have shown the possibility of using the vibration
responses of gravity-type breakwaters to estimate their structural performance
(Smirnov and Moroz, 1983; Gao et al., 1988; Lamberti and Martinelli, 1998; Martinelli
and Lamberti, 2011; Huynh et al.. 2012, 2013; Lee et al. 2012, 2013, 2015). In China,
Gao et al. (1988) investigated vibration responses of a caisson breakwater using forced
vibration tests and concluded that the gravity-type structure-foundation system can be
simplified as a rigid body on an elastic foundation. In Italy, Lamberti and Martinelli
(1998) have performed impact tests to examine the movement of the excited caisson
and its adjacent ones in the caisson array system, and found that the isolated caisson
model in lecture (Oumeraci and Kortenhaus, 1994) should be updated in order to
represent an array structure. In Korea, Yi et al. (2013) have evaluated dynamic
characteristics like natural frequencies and modal damping ratios of a caisson
breakwater using tugboat impact tests.

Although experimental results showed good indications of natural frequencies
and damping ratios, forced vibration tests like a tugboat excitation are not always
applicable for large-scale caisson-type breakwaters due to the requirement of high-
energy excitation and the potential danger in its performance. Lee et al. (2013) has
applied the so-called ‘ambient vibration test’ to measure vibration responses of the lab-
scaled caisson-foundation system. Lee at al. (2015) have conducted lab-scaled tests
on a caisson model with interlocking condition and identified structural parameters of
the tested model using its measured vibrations. A simplified model of interlocking
caissons (Huynh et al., 2013) was utilized to analyze vibration responses and to
estimate the structural characteristics of the lab-scaled caisson. Despite of those
research attempts, only lab-scaled caissons have been tested and the submerged
conditions of the real caisson breakwaters have not been simulated to account for
possible uncertain ambient parameters. Also, the feasibility of the ambient vibration test
has not been evaluated for the real caisson-foundation system.

In this study, dynamic characteristics of caisson-foundation system are
analyzed from in-situ ambient vibration measurement. Firstly, dynamic responses of
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caisson-foundation system are measured at a real caisson system which excited by
wave action under various water-level condition. Secondly, modal parameters such as
natural frequency, modal damping ratio and mode shape are extracted from the
dynamic responses of the caisson-foundation system using output-only modal analysis
method. Thirdly, finite element analyses of the caisson-foundation system are
implemented to verify the feasibility of extracted dynamic characteristics of the target
caisson breakwater system. Finally, dynamic characteristics of the target caisson
system are examined for the effect of water-level variation on modal parameters.

2. IN-SITU VIBRATION MEASUREMENT OF CAISSON BREAKWATER

2.1 Test Setup for Target Structure

The Oryuk-do breakwater is located in Busan, Korea. The breakwater protects
the port of Busan from severe incident waves of the south-east direction. The
breakwater system has a total length of 1,004 m consisting of 50 caisson units, as
identified in Fig. 1. Among those, a caisson unit #19 were selected for vibration tests
under ambient (wave-induced excitation) condition and water level (WL) change.

The geometry and sectional dimensions of the Oryuk-do breakwater are
described in Fig. 2. The caisson unit has 20m in width, 20m in length and 20.78m in
height including the cap concrete of 4m tall. The caisson units #4 - #47 has the parapet
of 5.3m in height and 8.8m in width to provide better calmness of the inner harbor by
increasing the crest height. The caisson is partially submerged in seawater and only its
cap concrete is exposed to air. More detailed information of the breakwater can be
found in Yi et al. (2013).

Vibration responses of the breakwater system were measured by using ambient
excitations induced by incident waves. Then modal parameters such as natural
frequencies and mode shapes were extracted from output-only analyses of the
measured vibration responses. As stated previously, forced vibration tests were not
applicable for the massive caisson breakwaters. Ambient vibration tests were
conducted on the target caisson unit twice in years 2011 and 2014, respectively, by the
research group at Pukyong National University, Korea. In the field experiments, piezo-
type accelerometers (Model PCB393B), which have high sensitivity 10V/g and
measurable range +0.5g, were used to sense very small vibration signals from the
breakwater system under the wave-induced ambient excitation condition.

In 2011, the first experiment was carried out. As shown in Fig. 3(left side), four
accelerometers were installed in each caisson unit. The accelerometers were installed
on the cap concrete to measure vertical (z-direction) and lateral (y-direction) motions.
As listed in Table 1, Sample 1 was recorded in March 3, 2011 for one hour with the
sampling frequency of 50 Hz. The sampling frequency was selected to catch vibration
modes up to 5 Hz, on the basis of the prior knowledge that the caisson exhibited the
first two vibration modes within the frequency range (Yi et al., 2013). The incident wave
height and period were not recorded at the time of the experiment.

In 2014, the second experiment was conducted for the same caisson unit to the
tested caisson in the first experiment. As shown in Fig. 3(right side), eight
accelerometers were installed on the cap concrete to measure vibration responses of
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vertical and lateral directions. As listed in Table 1, five data samples (i.e., Samples 2-6)
were recorded in April 16, 2014 under various sea levels (as also listed in Table 1).
Test intervals were roughly one hour for those Samples 2-6 corresponding to the five
sea levels, from which the variation of sea levels could be accounted with respect to
vibration characteristics of the caisson breakwater. For all test cases, the sampling
frequency of 50 Hz was selected to measure the acceleration signals for one hour. The
incident wave height and period were recorded as 0.32~0.48 m and 3.2~4.8 seconds,
respectively, at the time of the experiment (KHOA, 2017).

Target caisson unit
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Fig. 2 Sectional dimension of the target caisson
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Fig. 3 Sensor layouts on the target caisson

Table 1. Experimental samples measured from the Oryuk-do breakwater

Sample Time Period Caisson Units |  Water Level (Tide) Incident Wave Period
1 13:30-14:30, 03-03-2011 19 2240 m N/A
2 9:03-10:03, 04-16-2014 19 2343 m 41~4.8s
3 10:22-11:22, 04-16-2014 19 23.22m 3.9~46s
4 11:24-12:24, 04-16-2014 19 22.85m 3.7~4.7s
5 12:35-13:35, 04-16-2014 19 22.54m 3.4~43s
6 13:54-14:54, 04-16-2014 19 2219m 3.2~39s

2.2 Vibration Response

For Sample 1, vibration signals were measured from the target Caisson Units
#19. Figure 4 shows vibration responses of the target caisson measured by
accelerometers 1z (Acc. 1z), 2y (Acc. 2y), 2z (Acc. 2z), and 3y (Acc. 3y). As shown in
the figure, the maximum vertical (z-directional) acceleration levels ranged 2.7~3.0 gal
(1 gal = 1 cm/s?) while the maximum horizontal (y-directional) acceleration levels were
about 0.53~0.54 gal. Under the ambient wave-induced excitation, the amplitudes of the
horizontal y-directional motions were less fluctuated as compared to the vertical z-
directional motions. The Acc. 1z experienced the highest acceleration level as 3.0 gal
during the testing period. Under the ambient wave actions, the z-directional
accelerometers Acc. 1z (in the inner-harbor side) and Acc. 2z (in the middle) recorded
about 10% different levels of vertical responses. The y-directional accelerometers Acc.
2y and Acc. 3y recorded about 2% different levels of horizontal responses. These might
be due to the effect of the rolling motion on the inner-harbor side of the gravity-type
caisson. The vertical motions in the inner-harbor side were greater than those in the
middle; meanwhile, the horizontal motions were remained almost same. This is due to
the effect of the rolling motion on the inner-harbor side of the gravity-type caisson.

For Samples 2-6, vibration signals were measured from the target caisson unit
(Caisson #19). The acceleration magnitudes of all accelerometers were comparable,
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oscillating within a range of about £2mg under ambient condition. Figure 5 shows
vibration responses measured by accelerometers Acc. 2y and Acc. 2z. For Sample 2
(i.e., water-level of 23.43 m and incident wave period 4.1~4.8 s), the horizontal and
vertical acceleration levels were 2.75 gal and 5.3 gal, respectively, as shown in Fig.
5(a). For Sample 5 (i.e., water-level of 22.54 m and incident wave period 3.4~4.3 s), the
horizontal and vertical acceleration levels were 4.7 gal and 9.9 gal, respectively, as
shown in Fig. 5(b). Assuming the similar ambient conditions (except a little difference
in wave periods), acceleration levels increased as water-levels decreased. For example,
the 0.9 m tide-down between Sample 2 and Sample E resulted in the increment of
acceleration levels from 2.75 gal to 4.7 gal (Acc. 2y), 5.3 gal to 9.9 gal (Acc. 2z). This is
because the water-level affects the wave-induced force and the energy dissipation
capacity of the caisson breakwater.

For the submerged caisson breakwater, the variation of water level (WL) might
cause the change in magnitudes of acceleration responses, as observed in Fig. 5. So
the effect of the WL change was estimated from the variation of root-mean-square
(RMS) levels of acceleration signals of Samples 2-6 which were recorded at various
tidal conditions. As shown in Fig. 6, the RMS levels of both horizontal (i.e., Acc. 2y)
accelerations and vertical (i.e., Acc. 2z) ones decreased as the mean WL increased.
Overall, the vibration amplitude of the caisson was reduced according to the increment
in the WL. The acceleration levels of the vertical z-direction was higher than those of
the horizontal y-direction. In both y- and z-directions the RMS level became more
fluctuated as the WL decreased. On the basis of a report by Oumeraci and Kortenhaus
(1994), this is because the WL change led to the change of water pressure, incident
wave action, and hydrodynamic mass added to the submerged caisson.
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Fig. 4 Acceleration signals of Sample 1 for the target caisson (in 2011)
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Fig. 6 RMS levels of acceleration signals of the target caisson under various water-level

3. EXPERIMENTAL MODAL ANALYSIS OF CAISSON-FOUNDATION SYSTEM

3.1 Output-only Modal Analysis Method

A structural system is represented by structural dynamic characteristics such as
stiffness, mass, and damping properties. Its acceleration responses depend on the
structural characteristics. In this study, piezoelectric accelerometers are utilized to
measure the acceleration responses. The piezoelectric material in the sensor acts as a
spring and connects the base of the accelerometer to a seismic mass. When an input is
introduced to the base, a force is created on the piezoelectric element that is
proportional to the applied acceleration and the size of the seismic mass.

For the ambient condition like stochastic random excitation, the system’s
acceleration signals are output-only (i.e., unknown input force) vibration responses. To
extract modal parameters from output-only vibration responses, modal analysis can be
performed in time-domain or frequency-domain. In this study, two modal identification
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methods were selected to experimentally estimate modal parameters such as natural
frequency, modal damping and mode shape of the gravity-type caisson breakwater.
As the time-domain method, we selected the stochastic subspace identification (SSI)
method (Overschee and De Moor, 1996). As the frequency-domain method, we also
selected the frequency domain decomposition (FDD) method (Brinker et al., 2001).
According to a comparative study by Yi and Yun (2004), those two methods showed
good performances in terms of the accuracy, the computational time and the simplicity.

Frequency Domain Decomposition Method The FDD method utilizes the singular
value decomposition (SVD) of the power spectral density (PSD) matrix S,,,,(w) (Brinker
et al., 2000, Yi and Yun, 2004). The PSD matrix is calculated from a set of output
responses (e.g., Eq. (1)). Then the PSD matrix is decomposed by using the SVD
algorithm as:

S,y () = U(w) E(w)V(w) (1)

in which X(w) is a diagonal matrix containing the singular values o;(w)(i = 1,...,n) of
its PSD matrix, and U(w) and V(w) are unitary matrices. U(w) is equal to V(w)
since S,,,(w) is symmetric. Natural frequencies are identified from peak frequencies in
the first singular values o;(w). Mode shapes are extracted from any column vectors of
U(w,,) atthe corresponding peak frequencies.

Stochastic Subspace Identification Method The SSI method utilizes the singular value
decomposition (SVD) of a block Hankel matrix with cross correlation matrix of
responses (Overschee and De Moor, 1996; Yi and Yun, 2004). The fundamental basis
is the stochastic state-space equation which expresses the system dynamics under the
stochastic random excitation as:

2(k +1) = Az(K) + w(k)

y(k) = Cz(k) + v(k) o
in which z(k) and y(k) are the state and observation vectors at the kth time step,
respectively, and w(k) and v(k) are statically uncorrelated Gaussian random vectors
representing the process and measurement noises, respectively. A and C are the
system and observation matrices, respectively, which can be obtained by using the
result from the SVD. Then modal parameters including stable modes, unstable modes
and noise modes are calculated by eigenvalue decomposition of the system matrix.
Finally, damped frequency (w;), damping ratio (§;) and mode shape (¢;) of the i mode
are identified by using a stabilization chart as follows:
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¢, =CY¥, (3)

in which y; and W¥; are the eigenvalue and the eigenvector decomposed from the
system matrix, respectively, and At is the sampling rate.

3.2 Experimental Modal Analysis

By adopting the hybrid combination of the frequency-domain FDD method and
the time-domain SSI method, dynamic characteristics such as spectral densities,
natural frequencies and mode shapes were experimentally estimated from the output-
only acceleration responses of the Oryuk-do breakwater. The Sample 1 for Caisson
#19 recorded in 2011 (as listed in Table 1) was selected to describe the experimental
modal analysis process by the combined use of the FDD and SSI methods. The output-
only acceleration signals were recorded as the four sets of Acc. 1z, Acc. 2y, Acc. 2z,
and Acc. 3y (as shown in Fig. 4).

The FDD method extracts modal parameters by utilizing singular values
obtained from the PSDs, as described in Eq. (1). Figure 7(a) shows the singular values
decomposed from the PSDs of the target caisson from Sample 1. The FFT length to
construct the PSD matrix was set to 2*? (=4096) and the overlapping of 90 % was used.
For these setups, the frequency resolution was 0.012207 Hz. There are several large
peaks as well as a number of small peaks in the singular value charts. As shown in Fig.
7(a), the singular value chart obtained from the horizontal and vertical acceleration
signals indicates the first and second resonance frequencies at 1.5137 Hz and 2.4780
Hz, respectively.

The SSI method extracts modal parameters by using stabilization charts as
described in Eq. (3). Figure 7(b) shows the stabilization charts of the target caisson
from Sample 1. For the SSI process, the size of block Hankel matrix was set to
400x400. A 4™ order low-pass Butterworth filter was employed to extract stable modes
in the frequency range less than the cutoff frequency of 3 Hz. As shown in the figure,
several stable modes can be identified but it is hard to identify the natural frequencies.
The first and second resonance frequencies were determined based on the
experimental reports on the Oryuk-do breakwater (Yoon et al., 2012, Yi et al., 2013).
The stabilization chart obtained from the horizontal (y-directional) acceleration signals
indicates the first and second resonance frequencies at 1.4969 Hz and 2.4820 Hz,
respectively.

From the combined use of the FDD and SSI methods, modal parameters were
extracted for the target caisson from Sample 1. The first two vibration modes (i.e.,
Mode 1 and Mode 2) were identified clearly at 1.4947 Hz and 2.4820 Hz, respectively.
Once the natural frequencies were identified, their corresponding modal damping
coefficients and mode shapes were extracted from the SSI method. Modal damping
ratios were estimated as 2.4989% for Mode 1 and 1.0256% for Mode 2. Mode shapes
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were identified as shown in Fig. 8. In Mode 1, the horizontal y-direction motion was
dominant relative to the vertical z-direction motion. In Mode 2, both horizontal and
vertical motions were active relatively.

14947 Hz 24820 Hz

10 — 220 |
15137 Hz . ol 5 RAERY R

3 . i

% 24780 Hz Sl i '
& 10 2 q
. 1 70 + B
' !

107 L . . . . — 20
0 1 2 3 4 5 0 1 2 3 4 5
Frequency (Hz) Frequency (Hz)
(a) Singular values of FDD method (b) Stabilization chart of SSI method
Mode 1 Mode 2

f=1494THz F£=24820 Hz
§=24989%  £=1.0256 %

104 | . - 220
', Sl L 1 170
3 105 N AT .'.--'.-'; V] ssi .
= | [ yo S ) b7 Stable mode %
5 | O RO O P 112008
E ol e E oD 3
@ 100 i Wueh ot Pl L L Singular value =
107 . . ‘ : 2
0 1 2 3 4 5

Frequency (Hz)
(a) Combined FDD and SSI methods
Fig. 7 Modal parameter extraction of the target caisson from Sample 1 using combined
FDD and SSI methods

>
.
[ >
-
v
=

(1) Mode 1 : 1.4947 Hz " (2) Mode 2: 2.4820 Hz
Fig. 8 Mode shapes of the target caisson from Sample 1

3.3 Numerical Modal Analysis
The numerical analysis was motivated to evaluate the feasibility of the

experimental modal analysis on Caisson #19 of the Oryuk-do breakwater, as described
in Fig. 9. An impulse response analysis was performed to obtain acceleration
responses of the same DOFs as the experimental sensor DOFs. Then, the output-only
modal identification was performed to extract modal parameters from the numerically
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obtained acceleration responses. The numerical and experimental modal parameters
were compared each other.

A finite element (FE) model of the target caisson-foundation system was
simulated using ANSYS software as shown in Fig. 9. The FE model was composed by
subsystems of not only the caisson but also foundation which include some layers
below the caisson. The FE model consists of six element groups: cap concrete, caisson,
armor stone, rubble mound, sand-fill ground, and natural ground. The material
properties of those layer-by-layer element groups were input selected as outlined in
Table 2. The elastic properties of the cap concrete and the caisson were estimated by
considering geometry, concrete’s design strength, and caisson filler. The elastic
properties of the rubble mound and the sand-fill ground were decided based on the
experimental foundation analysis by Bowles (1996). The natural ground was substitute
by elastic spring element. Spring constant of the spring element was determined based
on the modulus of subgrade reaction for medium soil from rock and dense sand
(Barkan, 1962). On modeling a single caisson unit with foundation subsystems, the end
of spring element of the natural ground layer was constraint.

The submerged condition was simulated by the effective mass of sea water
added to the FE model. The added mass of sea water was calculated by Westergaard’'s
hydrodynamic water pressure equation (Westergaard, 1933) as follows:

h
My = f 5 purfHuh dh (4)

in which My, is the hydrodynamic mass; p is the water density; H,, and h are the depth
from water level to the foundation and that to the action point of hydrodynamic pressure,
respectively.

As shown in Fig. 10, vibrational mode shapes were computed from the
eigenvalue analysis of the FE model. Modes 1 and 2 were estimated at 1.5120 Hz and
2.5862 Hz, respectively. In both Modes 1 and 2, the caisson structure responded like a
rigid body relative to the rubble mound and sand-fill layer. Relative to the rigid caisson
motions, the deformable motions of the foundation including the rubble mound and the
sand-fill were dominant in the vibration responses. In Mode 1, the rubble mound’s
deformation was dominant and it induced the rolling motion of the caisson body. In
Mode 2, the deformation of the rubble mound and the sand-fill was mixed and it
induced the bouncing and rolling motion of the caisson. It is noticed that those
vibrational modes represent the rigid motion of the caisson and the deformable motion
of the foundation. Therefore, modal parameters of the vibration modes can represent
the dynamic characteristics of the caisson and the foundation.
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(a) Mesh and boundary condition
Fig. 9 FE model of the caisson-foundation system for the Oryuk-do breakwater

(b) Composition of caisson system

Table 2 Material properties of FE model of the caisson-foundation system

Elastic modulus Poisson's ratio Mass density Spring constant

(MPa) (kg/m3) (kg/m/m2)
Cap Concrete 2.80E+04 0.2 2.50E+03 -
Caisson 2.80E+04 0.2 2.08E+03 -
Armor Stone 140 0.3 1.50E+03 -
Rubble mound 140 0.3 2.10E+03 -
Sand Fill 66.5 0.325 1.62E+03 -

Natural Ground - - - 12.5E+06

(b) Mode 2: 2.5862 Hz
Fig. 10 Numerical mode shape of the caisson-foundation system from free-vibration
analysis

(a) Mode 1: 1.5120 Hz

The impulse response analysis was performed to verify the feasibility of the
sensor DOFs that monitor the experimental modal shapes. Considering the limited
accessibility of the submerged caisson system, a forced vibration analysis was
performed on the FE model to obtain limited vibration responses corresponding to the
in-situ vibration measurements (e.g., Fig. 3). As indicated in Fig. 12, an impact force
was applied perpendicularly to the front wall of the caisson, which was the same
direction of the incident wave (i.e., y-direction).
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The impulse force was designed to analyze forced-vibration response of the FE
model of the caisson. Triangle-type force which represents impact force induced by
wave breaking was applied to the front wall of caisson as shown in Fig. 9(a). The force
was calculated based on empirical equation suggested by Schmidt et al. (1992). The
breaking wave which has 10m height and 12s period was considered and the force was
decided as 13,422kN/m power and 12ms duration. The acceleration responses of the
four DOFs corresponding to Acc. 1z, Acc. 2y, Acc. 2z, and Acc. 3y (which are shown in
Fig. 3(a)) were simulated on the top of the caisson caps. The sampling frequency was
set as the same 50 Hz as the experimental test set-up. Figure 11 shows the
acceleration response in horizontal and vertical directions (Acc. 2y and Acc. 2z).
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Fig. 11 Acceleration signals extracted from top of the caisson FE model which excited
by impact wave force

By using the FDD and SSI methods, modal parameters of the FE model were
extracted from the four sets of acceleration signals (i.e., Acc. 1z, Acc. 2y, Acc. 2z),
which were numerically simulated as shown in Fig. 12. As shown in Fig. 12, two
dominant modes were identified as Mode 1 at 1.51195 Hz and Mode 2 at 2.58624 Hz
from the combined use of the SSI stabilization chart and the FDD singular value chart.
The numerical FRF (i.e., SVD) curve indicates two peak frequencies, corresponding to
those of the experimental one. However, the SVD’s magnitudes were relatively different
in the second peak. The extracted natural frequencies are close to (but not the same as)
those of the eigenvalue analysis. The differences might be caused by inevitable errors
in the sampling and modal extraction process.

Once the natural frequencies were identified, their corresponding mode shapes
were extracted from the SSI method. Numerical mode shapes were identified as
shown in Fig. 13 Two numerical mode shapes were identical to Mode 1 and Mode 2 as
compared to the experimental mode shapes shown in Fig. 8. From the analysis, it is
observed that the limited acceleration responses from the top of the caisson cap can be
interpreted for the analysis of dynamic characteristics of the whole caisson-foundation
system.
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Fig. 12 Modal parameter extraction of the caisson FE model using combined FDD and
SSI methods
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(a) Mode 1: 1.5120 Hz (b) Mode 2: 2.5862 Hz
Fig. 13 Numerical mode shape of the caisson FE model by forced-vibration analysis

4. DYNAMIC CHARACTERISTICS OF CAISSON BREAKWATER UNDER
VARIATION OF WATER LEVEL

The variation of modal parameters under the water level change was analyzed
from Samples 2-6. As described previously, the combined modal identification
technique using the SSI's stabilization chart and the FDD’s singular value chart was
utiized to estimate the modal responses. For Sample 3 (WL 23.22m), modal
parameters were estimated as shown in Fig. 14. Only one stable mode (Mode 1) could
be identified in the frequency range less than 5 Hz.
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Modal parameters were extracted for the five samples (Samples 2-6) with
various water levels (22.19m-23.43m). From the combined FDD and SSI methods,
natural frequencies and damping ratios were extracted as plotted in Fig. 15. From the
figure, the variation of dynamic characteristics induced by the variation of water levels
can be interpreted via the variation of natural frequencies and damping ratios. As
observed from Fig. 15, the natural frequency increased as the WL decreased. Also, the
damping ratios slightly increased with the WL increased, but without any apparent trend.
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220

1.4852 Hz

(a) Combined FDD and SSI methods
Fig. 14 Modal parameter extraction of the target caisson from Sample 3 using
combined FDD and SSI methods
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5. CONCLUSION

In this study, dynamic characteristics of caisson-foundation system were
analyzed from in-situ ambient vibration measurement. Firstly, dynamic responses of a
real caisson breakwater which excited by wave action were measured under various
water-level condition. Secondly, modal parameters such as natural frequency, modal
damping ratio and mode shape were extracted from the dynamic responses of the
caisson-foundation system. The combination of the SSI's stabilization chart and the
FDD'’s singular value chart could be utilized to extract the reliable vibration modes of
the caisson-type breakwater under ambient excitation conditions. Thirdly, finite element
analyses of the caisson-foundation system are implemented to verify the feasibility of
extracted dynamic characteristics of the target caisson breakwater system. The
meaningful dynamic motions of caisson-foundation subsystem was extractable from the
vibration responses measured at top of the caisson. Finally, dynamic characteristics of
the target caisson structure were examined for the effect of water-level variation on
modal parameters. The natural frequencies increased as the water level decreased,;
meanwhile, the modal damping and mode shape did not provide clear trends as the
water level changed.

ACKNOWLEDGEMENTS

This work was supported by Basic Science Research Program through the
National Research Foundation of Korea (NRF) funded by the Ministry of Education,
Science and Technology (NRF-2013R1A1A2A10012040). The graduate student
involved in this research was also partially supported by the Brain Korea 21 Plus
program of Korean Government.

REFERENCES

Barkan, D.D. (1962), “Dynamics of basses and foundations”, McGraw-Hill Book Co.,
New York.

Shimidt, R., Oumeraci, H., Partenscky, H.W. (1992), “Impact loads induced by plunging
breakers on vertical structures”, ASCE, Proceedings of the 23™ International
Conference on Coastal Engineering, 1545-1558, Venice, Italy.

Bowles, J. E. (1996), "Foundation Analysis and Design (5th Edition)", McGraw-Hill.

Brinker, R., Zhang, L. and Andersen, P. (2001) “Modal identification of output-only
systems using frequency domain decomposition”, Smart Materials and Structures,
10, 441-445.

Doebling, S.W., Farrar, C.R., and Prime, M.B. (1998), “A summary review of vibration-
based damage identification methods”, The Shock and Vibration, Digest, 30(2), 91-
105.

Franco, L. (1994), “Vertical Breakwaters: the Italian Experience”, Coastal Engineering,
22, 3-29.



The 2017 World Congress on
Advances in Structural Engineering and Mechanics (ASEM17)
28 August - 1 September, 2017, llsan(Seoul), Korea

Gao, M., Dai, G. Y., and Yang, J. H. (1988), “Dynamic Studies on Caisson-type
Breakwaters”, Proceedings of 21% Conference on Coastal Engineering,
Torremolinos, Spain, 2469-2478.

Goda, Y. (1994), “Dynamic Response of Upright Breakwater to Impulsive Force of
Breaking Waves”, Coastal Engineering, 22, 135-158.

Huynh, T.C., Lee, S.Y., Kim, J.T., Park, W.S., and Han, S.H. (2013), “Simplified planar
model for damage estimation of interlocked caisson system”, Smart Struct. Syst.,
12(3-4), 441-463.

Huynh, T.C., Lee, S.Y., Nguyen, K.D., and Kim, J.T. (2012), “Structural damage
monitoring of harbor caissons with interlocking condition”, Journal of Korean Society
for Nondestructive Testing, 32(6), 678-685.

Ko, J.M., and Ni, Y.Q (2005), “Technology developments in structural health monitoring
of large-scale bridges”, Eng. Struct., 27(12), 1715-1725.

Korea Hydrographic and Oceanographic Agency (KHOA) (2017),
http://www.khoa.go.kr/ eng/.

Lamberti, A., and Martinelli, L. (1998) “Prototype Measurements of the Dynamic
Response of Caisson Breakwaters,” Proc. 26" ICCE, ASCE, Copenhagen,
Denmark.

Lamberti, A., Martinelli, L., and De Groot, M.B. (1999), Chapter 3: Dynamics, MAST IlI-
PROVERBS, Probabilistic Design Tools for Vertical Breakwaters, Vol. lIb.

Lee, S. Y., Nguyen, K. D., Huynh, T. C., Kim, J. T., Yi, J. H. and Han, S. H. (2012),
"Vibration-Based Damage Monitoring of Harbor Caisson Structure with Damaged
Foundation-Structure Interface”, Smart Structures and Systems, 10(6), 517-547.

Lee, S.Y., Huynh, T.C., and Kim, J.T. (2015), “Structural identification of gravity-type
caisson structure via vibration feature analysis”, Smart Structures and Systems, 15
(2), 259-281.

Lee, S.Y., Huynh, T.C., Kim, J.T., Yoon, H.S., and Han, S.H. (2013), “Vibration
characteristics of gravity-type caisson breakwater structure with water-level
variation”, International Journal of Distributed Sensor Networks, 2013, 1-10.

Lee, S.Y., Kim, J.T., Kim, H.T., and Park, W.S. (2009), “Dynamic response analysis of
caisson structure by acceleration measurement”, Journal of Ocean Engineering and
Technology, 23(1), 114-121.

Maddrell, R. (2005), “Lessons Re-Learnt from the Failure of Marine Structures”,
International Conference on Coastlines, Structures and Breakwaters, ICE, 139-152.
Martinelli, L., and Lamberti, A. (2011), “Dynamic Response of Caisson Breakwaters:
Suggestions for the Equivalent Static Analysis of a Single Caisson in the Array”,

Coastal Engineering Journal, 53, 1-20.

Oumeraci, H., and Kortenhaus, A. (1994), “Analysis of the Dynamic Response of
Caisson Breakwaters”, Coastal Engineering, 22, 159-183.

Overschee, V.P. and Moor, B. De (1996), “Subspace identification for linear system”,
Kluwer Academic Publisher, Dordrecht, Netherlands.

Smirnov, G.N., and Moroz, L.R. (1983), “Oscillations of Gravity Protective Structures of
a Vertical Wall Type”, Proc. 20th Congress, IAHR, 7, 216-219.

Sohn, H., Farrar, C.R., Hemez, F.M., Shunk, D.D., Stinemates, D.W. and Nadler, B.R.
(2003) “A Review of Structural Health Monitoring Literature: 1996-2001", Los Alamos
National Laboratory Report, LA-13976-MS, Los Alamos, NM.



The 2017 World Congress on
Advances in Structural Engineering and Mechanics (ASEM17)
28 August - 1 September, 2017, llsan(Seoul), Korea

Stubbs, N., Kim, J.T., and Topole, K. (1992), “An efficient and robust algorithm for
damage localization in offshore platforms”, Proceeding of ASCE Tenth Structures
Congress, 543-546.

Takayama, T., and Higashira, K. (2002), “Statistical analysis on damage characteristics
of breakwater”, Proceeding of Civil Engineering in the Ocean, 18, 263-268.

Tanimoto, K., and Takahashi, S. (1994), “Design and Construction of Caisson
Breakwaters — the Japanese Experience”, Coastal Engineering, 22, 3-29.

Westergaard, H.M. (1933), “Water Pressures on Dams during Earthquakes”, T. Am.
Soc., 98(2), 418-432.

Yi, J.H., and Yun, C. B (2004), “Comparative Study on Modal Identification Methods
using Output-Only Information”, Struct. Eng. Mech., 17(3-4), 445-456.

Yi, J.H., Park, W.S., Lee, S.Y., Huynh, T.C, Kim, J.T., Seo, C.K. (2013), “Evaluation of
vibration characteristics of an existing harbor caisson structure using tugboat impact
tests and modal analysis”, International Journal of Distributed Sensor Networks,
2013, 1-11.

Yoon, H. S., Lee, S. Y., Kim, J. T., and Yi, J. H. (2012), "Field Implementation of
Wireless Vibration Sensing System for Monitoring of Harbor Caisson Breakwaters,"
International Journal of Distributed Sensor Networks, 2012, 1-9.



