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Abstract

The dynamic behavior of offshore structures becomes complex due to the effect of the
combination of marine environmental and operational conditions. There are some damages and
failures that need to be detected early to establish a suitable maintenance strategy. Therefore,
the online structural health monitoring (SHM) system has been investigated and developed
continuously to ensure safety performance by timely warning. The SHM requires a suitable
real-time identification of dynamic characteristics of offshore jacket structure. This article
presents a discussion of the advantages, disadvantages, and development trends of existing real-
time identification systems and techniques commonly applied to offshore jacket structures. The
main identifications in the real-time domain methods including the Short-Time Fourier
Transform (STFT), Wavelet Transform (WT) and Hilbert Huang transform (HHT) techniques
in predicting dynamic characteristics were also discussed and evaluated. Meanwhile, HHT is
the most suitable identification method for real-time identification methods in SHM of offshore
jacket structures.

Keywords: Offshore structure; dynamic characteristic; real-time identification; Hilbert Huang
transform (HHT).

1. Introduction

In recent years, health monitoring systems of fixed offshores and wind turbine
engineering have received more attention from researchers and engineers. They provide
owners and maintenance organization with useful advice in order to ensure the safety of
operations and to reduce economic losses. The fixed jacket structure has been widely used
in supporting the offshore platforms or wind turbine power [1]. However, the offshore
structures are usually faced with a complex marine environment including waves,
currents, wind and/or machine operation. In order to ensure their safety during service
life, structural health monitoring (SHM) of offshore structures has been improved by
developing the real-time warning system.
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SHM systems are typically based on the identification of dynamic characteristics
including the natural frequency, modal damping and modal shape. The identifications are
based on the combination of the structural response vibration measurement and signal
processing algorithm [2]. The structural responses such as acceleration, velocity, and
displacement are measured at site, and then processed by signal techniques to predict the
variation of dynamic characteristics due to the structural deterioration, damage and
scouring of the pile foundation... Mangal et al. [3] and Nichols [4] used the impulse and
relaxation method to identify the natural frequencies of offshore platform. Hillis and
Courtney [5] applied the response vibration measurement based on the bicoherence
method to investigate the change in offshore structure stiffness. Mojtahedi et al. [6]
combined the fuzzy logic system, model updating method and vibration measurement
analysis to detect the nonlinearity behavior of the offshore jacket structure. These
researches applied simple signal processing technique DFT (Discrete Fourier Transform)
and FFT (Fast Fourier Transform) in a frequency domain. These techniques are difficult
to apply to the online SHM.

Recently, some researches improved advantaged real-time identifications of
dynamic characteristics for the offshore structures to meet the requirements of online
SHM [7]. For the real-time prediction to be conducted in the online SHM, the dynamic
characteristics must be identified and performed in the time domain. The modal
parameters of structure varying over time are identified by some signal processing
techniques including a Short-Time Fourier Transform (STFT), a Wavelet Transform
(WT) [8-11], and a Hilbert Huang transform (HHT) [12-16]. Sherif et al. [17] applied the
WT technique to detect the damage of structure varying in time and Min and Sun [18]
also used the wavelet method to obtain instantaneous modal parameters of structure. Liu
[19] used the HHT to determine the dynamic characteristics of the offshore platform in
the time domain. Trung [20] and Trung et al. [21] proposed the improved HHT method
using the decomposition techniques of vibration signals including EEMD (Ensemble
Empirical Mode Decomposition) and iEEMD (improved Ensemble Empirical
Mode Decomposition) to predict the modal parameters of fixed offshore structure under
wave condition.

As a result, signal processing algorithms used for current SHM systems have many
processing methods, however, their processing results are in the frequency domain, have
no continuity over time, or only remove noise terms and then transmit directly, without
the step of identifying the structural parameters [7, 22, 23]. Therefore, this paper
summarized and evaluated some advanced signal processing methods used in the
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real-time identification of dynamic characteristics of offshore jacket structures. It could
be convenient for engineers and experts to collect and develop a suitable method for
establishing the online SHM.

2. Structural health monitoring using identification of dynamic characteristics

In general, a typical online SHM system using the dynamic response measurement
Is shown in Fig. 1. The measurement method includes:

1) Onsite measurement system: The measurement system includes sensors, data
acquisition and data storage. The sensors are installed in some suitable locations in the
offshore structure to measure the acceleration response. Then, the acquisition equipment
received and transformed the response data. The data could be recorded in the computer
storage, as shown in Fig. 1.

2) Operator center: The operator center is located on land to receive the data from
onsite measurement system by internet connection. The response signal data would be
processed and evaluated by using the processing algorithms such as STFT, WT and HHT
to identify the dynamic characteristics of offshore structures in time domain. The
processed data is recorded and arranged in the website server, as shown in Fig. 1.

3) Online monitoring system: The online monitoring system is an internet-
connected device system including the computer and smartphone controlled by engineers,
owners and interested persons. They could monitor the structural technical status by the
performance of dynamic characteristics of the offshore structure, as shown in Fig. 1.
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Fig. 1. Online structural health monitoring (SHM) for the offshore structure:

1) Topside of jacket structure; 2) Accelerometer, 3) Acquisition equipment; 4) Computer at offshore site;
5) Computer in land; 6) Personal computer; 7) Smart phone.
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A decisive step for the online health monitoring infrastructure is to identify dynamic
characteristics such as natural frequencies, modal shapes, and damping ratio from vibration
measured responses. The change of fundamental natural frequencies, modal shape and
damping ratio is a basis to evaluate the deterioration of the offshore structures in general.

Deterioration of structural properties is predicted by changes in the fundamental
natural frequency of structure has been the driving force in SHM. Loan and Dodds [24]
used changes in resonant frequencies, modal shapes, and response spectra to determine
damage to the offshore platform. Frequency changes of 10% to 15% were observed when
structural damage occurred near the water level. Depending on the deterioration, the
effect of local damage and others, the changes in natural frequency of offshore structure
may vary during service life.

Variation of modal shape could be used to locate damage with acceptable accuracy.
However, it is unknown whether this method can be applied to real structures because the
number of modal shapes and natural frequencies that can be reliably determined
experimentally is quite limited. Carrasco et al. [25] studied the modal strain energy for
damage determination and demonstrated that the modal strain energy method performs
very well for detecting the damage locations, and failures of structures.

The damping ratio is also one of the dynamic characteristics of offshore structures.
The damping coefficient of the offshore structure is combined by the structural modal
damping, viscous fluid damping and radiation damping (wave making damping) [26].
The effect of the damping is significant to the vibration response of the offshore structure.
The damping ratio is predicted by the half-power bandwidth technique of the peak picking
method [27].

3. Real time techniques

The success of online SHM is based on the identification of dynamic characteristics
of the offshore structure in real time. The accuracy of identification and performance of
the dynamic behavior of the structure depends on the quality of the signal processing
algorithm from the vibration response of the structure in a time domain. Therefore, this
section proposes some main signal processing techniques for identifying the dynamic
characteristics varying over time.

3.1. Short-time Fourier transform

The STFT is based on the Fourier transform (FT) algorithm. To identify the
instantaneous frequency of structure using STFT, the identification procedure is
conducted as follows:
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1) The measured response vibration signal at site is divided into short segments in
a narrow time.

2) Then each divided segment is processed by FT and performed by a window size.
Fig. 2 shows the identified time-frequency segments by FT, specified by windowed segments.

3) All of the windowed segments by FT are simultaneously combined in a time
domain using the Eq. (1). As a result, the instantaneous frequency of the structure is

established by windowed segments.
Nasser [28] proposed the equation to identify the instantaneous frequency

as follows:
—j2znk/L

Xsrer[M,n] = > x[k]g[k —m]e 1#"™/t
)

X[k] = ZZ XSTFT [m, n]g[k - m]e

where x[k] denotes an original signal and g[k] denotes an L-point windowed segment
function. The STFT of x[k] can be interpreted as the Fourier transform of the product of
x[k] and g[k-m], as shown in Eq. (1). Fig. 2 illustrates the function of STFT by taking

Fourier transforms of a windowed segment signal.
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Fig. 2. Frequency in time domain by using STFT technique [16].

In STFT, the selection of windowed segment has an important role. The segment
should be narrow enough to ensure that the processing signal is suitable for stationary
data of the FT algorithm. However, the narrow windowed signal segment does not contain
good information of structure in the frequency domain. Otherwise, if the selected segment
is in a long band, performance of frequency in time domain becomes unclearly. This is a
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limitation of STFT in processing the vibration signal of the offshore structure in a
nonstationary condition.
3.2. Wavelet transform

Wavelet transform is an advanced time-frequency analysis technique and designed
for non-stationary time signals of linear systems in recent two decades. Wavelet analysis
requires an advanced STFT method with adjustable time-varying windows. WT
represents signals with energy-concentrated functions instead of sized window segment
functions which are used in STFT [10, 11, 29].

For its flexibility in choosing the window length, wavelet analysis provides details and
approximations of the temporal signal at many levels and retains the instantaneous properties
of the signal series with the spectrum decomposition of frequency in a time domain.

The WT is an integral of the analyzed signal x(t) and the initial wavelet function [30]
as follows:

w(a, b) = fjx(t)w[ )dt )

where a, b are temporal scale and location parameters; w(a,b) is the wavelet coefficient
which represents the comparison between the original wavelet expansion and shift and

the signal at time b and scale a. ¥ (b tj represents a complex conjugate function
a

(mother wavelet) and is chosen to serve as a prototype for basis functions (son wavelet)
in the process, as described in Fig. 3. Fig. 3 shows some functions used for this purpose
such as Gaussian, Mexican Hat, Haar, and Morlet functions. The distribution of wavelet
coefficients in the time-frequency plane can be used for time-frequency analysis.
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Fig. 3. Wavelet function transformation [17].
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Three are some main steps to determine the instantaneous natural frequency of
structure using the WT method:

1) Based on the length of measured vibration response and noises, select the suitable
son wavelet functions: Gaussian, Mexican Hat, Haar, and Morlet. The Morlet function is
suggested in this study due to its capabilities in time-frequency localization.

2) Using Eq. (2) to decompose the vibration response signal into wavelet coefficient
w(a,b) based on the selected son wavelet functions.

3) Based on the processed response signal by WT, determine time-varying
amplitude and phase angle parameters. The instantaneous frequency and damping of the
structure are identified based on these parameters.

Actually, WT is more interesting in analyzing the non-stationary signals than STFT.
It could collect short windows at high frequencies and long windows at low frequencies,
so WT had good resolution and high performance for visualization. However, the
limitation of WT is suitable to the process of linear signal series. The vibration responses
of the offshore structure are usually complicated due to the ultimate effect of the marine
environment, the response is a non-stationary and nonlinear data.

3.3. Hilbert Huang Transform using empirical model decomposition technique

Hilbert Huang transform method is one of the most advanced signal processing
techniques in processing the nonstationary and nonlinear data series. It is a combination
of the EMD and Hilbert spectral analysis (HSA) [22, 23, 31].

a) Empirical Mode Decomposition

Huang et al. [12] introduced a new sifting process method named EMD. The EMD
is used to decompose the vibration signal into a series of band-limited quasi-stationary
signals called IMFs. IMFs are in the narrow band passed signals which are suitable to the
Hilbert transform in the processing procedure. The process for obtaining each IMF is called
the sifting process, which is described as follows:

1) Specify all the local extrema, and then connect all the local maxima by a cubic
spline as the upper envelope. Repeat the procedure for the minima to produce the lower
envelope. The upper and lower envelopes should cover all the data. If the mean is
designated as my, the difference between the data and my is the first component hy, then:

h =x(t)-m 3)

where hz is an IMF, the mean mz is given by the sum of local extrema connected by the
cubic spline.
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Figure 4 describes that the data (blue) upper and lower envelopes (green) defined
by the local maxima and minima, respectively, and the mean value of the upper and lower
envelopes given in red.
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Fig. 4. The cubic spline upper and the lower envelopes and their mean, m; [6].
2) The sifting process is conducted to eliminate riding waves, and to make the wave
profiles more symmetric. Treating hi as a new set of data, a new mean is obtained:

h-m, =h; 4)
After repeating the sifting process up to k times, hy becomes a new IMF as follows:
h](k—l) —my =hy (5)

3) After the first IMF1 is obtained, subtract c 1 from the original signal x(t) and
calculate the residue signal as follows:

X0 -¢ =, ©®)

4) Treating ry as the original signal and repeat the procedure from step (1) to step
(4) to obtain the other IMF (cz, Cs,..., Cn). The process is stopped when the final residual
signal rng) is a monotonic function.

r,—C,=r,...,I[,—C =TI (7)

5) At the end of the procedure, the oscillation signal x(t) is decomposed
into n intrinsic modes ci(t) and a residue rn(t):

X0 =350+, )
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The Hilbert Transform of the i IMF segment, c; is determined by:
h(© =2 pv[aE) )
V4 t—7

where PV denotes the Cauchy principal value, and its analytic signal.

The instantaneous frequency, @ (t), for each IMF component can be defined as follows:

o =20 (10)

4. A study case using the Huang Hilbert transform

The HHT is the most suitable technique to identify the complex natural frequencies
of the offshore structure during wave condition. Its advantages have been proved by many
previous researches [19, 20]. Therefore, this section briefly describes a study case
suggested by self-author et al. [21] using HHT to identify the fundamental natural
frequency of fixed offshore structures in a time domain.

4.1. Vibration test

A vibration test was conducted on the test model of four legged-steel fixed jacket
offshore structure in wave tank, as shown in Fig. 5.
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Fig. 5. The vibration test of offshore structure in the wave tank [10].

The tubular beams of the jacket structure were made of acrylic material and the
topside of the superstructure was made of concrete. The test used the similarity law of 1/60
for the length scale and 1/65 for the Young modulus scale. The test model was excited by
a regular wave in the wave tank. The accelerator sensors were installed at the top of the test
model to receive a good vibration response from the structure. The accelerometers were
connected to acquisition system to record and perform the response data.
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4.2. Results

The original acceleration time history was recorded at the topside of the test model
of offshore structure, as shown in Fig. 6.
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Fig. 6. Original acceleration response time history measured
at the topside of test model under a sine wave [10].
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Fig. 7. Fourteen IMFs decomposed by EMD algorithm under the sine excitation [10].

The response acceleration data would be processed by HHT to predict the natural
frequency of test model. Figure 7 demonstrates fourteen IMFs [IMF1(t)-IMF14(t)]
decomposed by EMD in the direction of sine wave excitation. These IMFs were arranged
from the high to the low frequency band. The intrinsic mode function [IMF1(t)-IMF5(t)] is
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a white noise in a high frequency band. Meanwhile, the IMF6 and IMF10 contained the
interested fundamental frequency range of the model test structure and the wave excitation.
The rest of the IMFs were discarded since no relevant information was available.

Figure 8 presents the instantaneous frequency of IMF6(t) and IMF10(t) obtained by
using the HHT method under the sine wave. The instantaneous frequency of IMF6(t) was
identified as the first fundamental natural frequency of offshore structure. The
instantaneous frequency of IMF10(t) was predicted as the driven frequency of sine wave
excitation. These interested IMFs in the time-domain were then transformed into the
frequency domain by the marginal Hilbert spectrum technique in identifying the natural
frequency value of the model test. Figure 9 describes the Marginal Hilbert spectrum of
IMF6(t) and IMF10(t). By using peak picking method to determine the value of natural
frequencies of test model and wave excitation.
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Fig. 8. Instataneous frequency of IMFs in cases: (a) IMF6(t); (b) IMF10(t) [10].
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Fig. 9. Marginal Hilbert spectra: (a) IMF6(t); (b) IMF10(t) [10].

The HHT is successful not only in identifying the natural frequencies of offshore
structures but also in predicting the driven frequency of wave excitation in a time domain
by using the EMD decomposition algorithm.
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5. Conclusion

This article has collected some main signal processing techniques in identifying the
real-time natural frequencies commonly applied to offshore jacket structures, including
STFT, WT and HHT methods. These techniques are suitable and useful to establish the
online SHM system for the offshore structure. They provide early warnings to the safety
of offshore structures under the ultimate marine environment.

HHT has a good performance and is more suitable in processing the non-stationary
and nonlinear response signal data of offshore structures than STFT and WT. The
research suggests the Huang Hilbert transform as one of the most suitable techniques to
predict the instantaneous natural frequency of offshore structure.

The HHT was successfully applied in identifying the natural frequencies of the
offshore jacket structure.

It is necessary to conduct further research by experimental sites to clear this problem.
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MOT SO PHUONG PHAP NHAN DANG DAC TRUNG DONG
THEO THOI GIAN THUC THUONG DUNG HIEN NAY
DPOI VOI KET CAU CONG TRINH TREN BIEN

Nguyén Hong Quang?, Pao Cong Binh?*, Nguyén Thanh Trung?
Wién Ky thudt cong trinh dac biét, Triecong Pai hoc Ky thudt Lé Quy Doén
2Khoa Cong trinh, Truong Dai hoc Giao thong vdan tdi

Tom tat: Ung xir dong luc hoc ciia két cau cong trinh trén bién tré nén phirc tap do chiu
anh hudng dong thoi ctia cac didu kién moi truong bién va diéu kién st dung. Mot sb hu hong va
pha hoai ctia chting can dugc phat hién sém dé c6 thé xay dung cac ké hoach bao dudng phui hop.
Vi vy, hé thong giam sat strc khoe két cau truc tuyén (SHM) di va dang duoc nghién ctru va phat
trién lién tuc dé dam bao an toan khai thac thong qua cac canh bao kip thoi. SHM phai doi hoi su
nhan dang cac dac trung dong lyc hoc ciia két cau cong trinh theo thoi gian thuc. Bai bao trinh
bay vé uu, nhuge diém ciing nhu xu huéng phat trién ciia mot s6 hé thdng va ky thuat nhan dang
theo thoi gian thuc thuong dung hién nay. Cac phuong phap nhan dang chinh trong du doan céc
dic trung dong hoc bao gdm tin s dao dong riéng, ti sé can va dang dao dong. Phuong phap do
dac phan tng dao dong va ky thuat xur 1y tin hi€u cling dugc thao luan Va danh gia. Muc dich cta
nghién ctru 1a giap k¥ su va chuyen gia cd cai nhin toan dlen va chi tiét vé cac phuang phép nhan
dang theo thoi gian thyc cua hé théng SHM ddi voi két cau cong trinh trén bién...

Tirkhoa: Két cdu cong trinh trén bién; dac trung déng hoc; nhdn dang theo thoi gian thuc;
do dac phdn ung dao dong.
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