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ABSTRACT

This study proposes a new method for evaluating the
damage of aging offshore platforms, based on dynamic tests.
The proposed method involves a new damage indicator for
reducing the effects of occurred damages accumulated before
the first measurement. One theoretical improvement is that
the requirement of using the stiffness matrix of the finite
element model to replace that of the measured model can be
ignored in calculating the modal strain energy of the measured
model. The other development is that the proposed approach
can be used for providing reasonable evaluations of damages
that occurred between two adjacent dynamic tests. This im-
provement is crucial for evaluating aging platforms because
such platforms have seldom been tested for damage detection
during their previous service life. For demonstrating the ap-
plicability of the proposed method, numerical studies were
conducted for a 3D offshore platform based on data generated
from finite element models. The results indicated that the
proposed method can be used to identify accurately the dam-
ages that occurred between the two measurements and to
provide an accurate estimation of damage severity.

I. INTRODUCTION

In China, more than 300 fixed offshore platforms have
been constructed. Approximately 200 of these platforms
belong to the China National Offshore Oil Corporation, and
more than 100 platforms belong to the China Petrochemical
Corporation. According to the statistics of the Offshore Oil

Paper submitted 08/25/13; revised 01/10/14, accepted 03/21/14. Author for

correspondence: Fu-Shun Liu (e-mail: percyliu@ouc.edu.cn).

! Department of Ocean Engineering, Ocean University of China, Qingdao,
China.

? Center for Engineering Test and Appraisal, Qingdao Technological Univer-
sity, Qingdao, China.

? Technology Inspection Center, China Petroleum & Chemical Corporation,
Dongying, China.

Engineering Co., LTD, this company’s offshore platforms that
served for less than 5 years comprise 28% of their nearly 200
fixed platforms; furthermore, those that served for 5-10,
10-20, and more than 20 years comprise 26%, 29%, and 17%
of their approximate 200 fixed platforms. Such marine struc-
tures require proper maintenance to ensure the safety of their
operation, especially for those that have been used for more
than 10 years. The primary principle of maintaining an off-
shore structure is to ensure its safety and functional per-
formance during its design service life. Damage detection
methods can be used to inspect whether local damages have
appeared and evaluate integrity of the structures for increas-
ing their operational lifetime and improving safety.
Numerous studies have investigated the damage detection
of jacket-type offshore structures [9, 13]. Elshafey et al. [1]
examined damage detection in offshore jacket platforms by
using a combined method involving random decrement sig-
nature and neural networks. Shi ef al. [11] proposed using the
change of modal strain energy (MSE) in each element as a
damage indicator; the process was proven to be effective in
locating structural damages. However, because these dam-
aged elements were unknown, the damaged elemental stiff-
ness matrix was replaced by the undamaged for an approxi-
mation in calculating the MSE change of the nth element
for the jth mode. The modal strain energy decomposition
(MSED) method was developed by Li ef al. [4] for 3D frame
structures, which is used to define two damage indicators: the
axial damage indicator and transverse damage indicator, for
each member. The accuracy of localizing damage elements is
improved considerably by analyzing the joint information of
two damage indicators. However, the MSED method cannot
be used to achieve satisfactory estimates of damage severity.
Li et al. [3] extended the cross-model cross-mode method
CMCM method to damped systems for damage detection by
using spatially incomplete complex modes. The effectiveness
of the method was demonstrated using a cantilever beam
structure, which was employed by Friswell et al. [2]. However,
additional studies have indicated the method was sensitive to
noise. Mojtahedi et al. [10] experimentally investigated a
laboratory model of a jacket platform for establishing a base-
line finite element (FE) model for long-term structural health
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monitoring of offshore structures.

Liu [5] presented a direct estimation method for expand-
ing incomplete experimental mode shapes and investigated
its performance by using a 5-DOFs mass-spring system and a
steel cantilever-beam experiment. Liu et al. [6, 7] presented
a rapid mode shape expansion method without considering
the modeling errors. In this method, no constraints are im-
posed; numerical studies indicated that the estimation of
unmeasured mode shape components are influenced when
modeling errors exceed the limitation of the method. Liu and
Li [8] discussed applying an iterative expansion method to
offshore platforms.

In the current study, a numerical offshore platform was used
to demonstrate the applicability of the proposed method, in-
cluding spatial incomplete situations. A scale model of an
offshore structure was used as for evaluating the efficiency of
the proposed approach.

II. PERIODIC DAMAGE EVALUATION
For an nth element, the MSE of the i th mode for the base-

line model ®; and j th mode for the measured model ® " can

be calculated as follows:

MSE,, = (q)[)l K, o, (D
! ! ’ ’
MSE, =(<1>j ) KO, 2)
where K, and K,' represent a preselected stiffness subma-

trix of the baseline model and measured model, respectively.

Furthermore, the stiffness submatrix K,  of the measured

model is a modification of K, :
K =K, +¢oK, 3)

where ¢, are unknown stiffness correction factors that must
be determined; when the structure is first tested, Eq. (6) can be
written as follows:

MSE), . =(

o, VK, @, (4)
when the MSE for several modes are considered collec-
tively, the MSE,, MSE, ., and MSE,  of the nth element is

nrf 2

defined as the average of the sum of MSE,,, MSE,,
MSE'

,rp?

> and

respectively, as follows:
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where Ni, N, -, and N,  denote modes that are derived

from the baseline model and measured model, respectively.

The corresponding expression for the MSEC of the nth
element between the measured model at the second test mo-
ment and FEM can also be expressed as follows:

N/ TP
MSECn.rp = N Z( er) /rp
Jap J=l1

N/J'p

1 ’
+_zamrp( /rp) K (D/ p

jp =l
"(@,) K, ®, @®)
The MSEC of the nth element between the first and second
tests of the measured model can be expressed as follows:
N 5

1 Jop , ,
2 (@, ) K@,

Jirp o J=1

MSEC, =

N/’Jp

1 ' :
+N_ z a”a’[’ ((I)ju’[’ )t Kﬂ(Dj»rp

Jirp J=1

) K,® )

The modal strain energy change ratio (MSECR) can also be
a meaningful indicator for damage localization defined as
follows:
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Based on the normalization procedure by Stubbs et al. [12],
a new damage indicator of the nth element based on MSECR
is defined as follows:

D — of;n ofsn (11)

where D and op,,, Tepresent the sample mean and
o

pfn
standard deviation of D, ,, respectively.

The relation for the j th eigenvalues and eigenvectors as-
sociated with K' and M’ at the first test moment can be
expressed as follows:

Ko =1 M® (12)

Jirf Jrf

One obtains

Ne
T ’ ’
>a, PK® =i

[ @ M®)  — @K, . (13)
n=1
Eq. (13) can be rewritten in matrix form as follows:
of (NixN, )xnrrf (mx1) T br/-,(nxl) (14)
where

S, (i, o = P KD (15)

Xy
L = asz (16)

Loy
b, ) = 2 OMP  — DK (17

A standard inverse operation can be used to solve for I in
Eq. (27) as follows:

(18)

-1
Frf,nxl = (Srf,(NixNj‘,., )xn) brf,nxl

(a) (b)

Fig. 1. Sketch of the offshore platform structure: (a) node numbering
and (b) element numbering.

For resolving spatially incomplete situations, the direct
mode shape expansion technique proposed by Liu [5] and Liu
and Li [6-8] can be used to obtain spatially complete mode
shapes as follows:

oK, (0, ) (19)

of ( NixXN .

where ((I)f,.,,/. )D represents the spatially complete mode shape

obtained by employing the direct mode shape expansion
technique.

III. SIMULATION

In the numerical analysis, the applicability of the proposed
method was evaluated using an offshore platform structure,
as shown in Fig. 1. As shown in Fig. 1(a), an offshore
structure was used as the test structure for demonstrating the
proposed damage detection method. The structure, consist-
ing of 36 steel tubular members with a uniform outer di-
ameter (17.8 cm) and wall thickness (0.89 cm), was fixed to
the ground. The heights of the three stories were all 9.14 m,
and the side lengths of the floors, from first to fourth, were
10.97, 8.53, 6.10, and 3.66 m, respectively. The essential
material properties of the steel tubular members were: elastic
modulus E = 2.1 x 10" N/m?, linear mass density p = 7850
kg/m’, and Poisson’s ratio v = 0.3. Fig. 1 illustrates the
node and element numbering, respectively. Modal analysis
was performed by developing a program in Matlab for de-
riving the modal frequencies and mode shapes. The first
three modal frequencies were 6.95, 9.69, and 9.71 Hz, re-
spectively.
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Table 1. Comparison of frequencies (Hz).

Finite Damaged Model Damaged Model
Order | Element Correspongding to Correspongding to
Model the First Test the Second Test
1 6.95 6.89 6.61
2 6.96 9.63 9.47
3 9.71 9.70 9.67
4 14.36 14.04 14.01
5 16.82 16.30 16.25
IV. IMPLEMENTATION

In this study, the test structure was considered a damaged
platform. Two damaged models were established to represent
different degrees of damage at various test moments. There-
fore, this study first assumed that the stiffness of elements 24
and 30 were reduced by 35% and 25%, respectively, from the
analytical model to examine the damages accumulated before
the first measurement of the platform. This study subse-
quently assumed that the damages in elements 14 and 33 oc-
curred after the first measurement of the platform because of
the elements’ reduced stiffness (i.e., by 35% and 25%, re-
spectively). The second test of this platform was implemented
for identifying these damages. The damaged elements repre-
sent different types of structural members and are illustrated in

Fig. 1; Table 1 shows a comparison of the first five frequencies.

The following numerical study was conducted with the main
objective of determining whether damages that occurred after
the first measurement could be detected accurately.

The errors caused by neglecting the two terms mentioned in
Eq. (10) were first evaluated. For simplicity, these two terms
are defined as follows:

1 N/J‘ﬂ , t ,
Ly :N__Z((D”p) K, ®;, (20)
j.rp i=
and
r, = Z(q)j,,f) K, . 1)
jaf =
respectively.

Fig. 2 shows a comparison of the results between I',, and

I,y when N;,, = N,,, = 3, clearly indicating that I',, and I',,

demonstrate close values, except for positions at elements 14
and 33, thus explaining this phenomenon because damages
occurred in these four elements.

Before the first platform measurement, elements 24 and 30
were damaged, whereas the damages in elements 14 and 33
were assumed to have occurred after the first measurement.
For identifying the damages in elements 14 and 33, the second
measurement was implemented. When the first two modes
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Fig. 2. Comparison between I',, and I',, when XV, ,, = N;,,= 3.
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(c) Damage localization using adjacent two measurement data
T T T T T T T

D pfn

0 5 10 15 20 25 30 35 40
Element number

Fig. 3. Comparison of damage localization using the first and/or the
second measurement data when only two damaged elements be-
fore the first measurement: (a) Damage localization using the first
measurement data, (b) Damage localization using the second
measurement data, and (c¢) Damage localization using adjacent
two measurements data.

were obtained, the proposed method was implemented, and
Fig. 3 shows the obtained results. Figs. 3(a) and (b) show
the results of damage localization obtained using the first and
second measurement data, respectively; Fig. 3(c) shows the
damage localization results obtained by simultaneously using
the first and second measurement data, respectively. This
study concluded that the damage at element 30 could be
detected using the first measurement, whereas the damage at
element 14 was not so obvious. If only the second measure-
ment is used, the damages at elements 30 and 33 could also be
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(a) Damage assessment using the first measurement data
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Fig. 4. Comparison of damage assessment using the first or the second
measurement data when only two damaged elements before the
first measurement: (a) Damage assessment using the first meas-
urement data, and (b) Damage assessment using the second
measurement data.

identified. Fig. 4 shows the results of the damage severity
estimation, indicating that the damages could be assessed
accurately if the first three spatial complete modes are meas-
ured. Therefore, the damage deterioration that occurred be-
tween two adjacent measurements could be identified using
the proposed method (Fig. 3(c)).

This study also determined whether the proposed method
could accurately identify the damages when only the spatially
incomplete modes are measured. This study assumed that
only the translational degrees of freedom were measured for
the first three modes at nodes 1 to 12 (shown in Fig. 1). Thus,
36 master degrees of freedom were measured. The proposed
method was subsequently implemented, and Fig. 5 shows the
obtained results, indicating that the damage locations were
identified accurately when only the translational degrees of
freedom in the x and y directions of the platform were meas-
ured; Fig. 5(a) illustrates the appropriate results of the damage
severity estimation.

V. EXPERIMENTS

For evaluating the efficiency of the proposed approach,
this study used a scale model of the real offshore structure.
As shown in Fig. 6, the model has a scale factor of 1/15; this
model is fabricated using steel tubes, with 34 x 3 mm sections
for the three legs and vertical bracing and 20 x 2 mm sections
for all braces. The numerical model shown in Fig. 7 represents
the aforementioned physical model. The instruments con-
sisted of 12 triaxial capacitive accelerometers (Model 4803A-
0002) that were used for measuring the response, and a meas-
urement system (PL64-DCBS, Integrated Measurement &
Control Cooperation, Germany) that was used for data acqui-
sition. The 12 triaxial capacitive accelerometers were

(a) Damage assessment using the second measurement data

0.4

z : : : : © | Presct

§ 02 . ............ ............ ............. ....... |:|Estimated 4
Q : : : : : : :
P — 711 T

g O O ” ;
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(b) Damage localization using adjecent two measurement data

0 5 10 15 20 25 30 35 40
Element number

Fig. 5. Damage identification results when translational DOFs in x, y
directions of nodes 1 to 12 are measured: (a) Damage assessment
using the second measurement data, and (b) Damage localization
using adjacent two measurement data.

Fig. 6. The test model.

installed at nodes 4 to 6, and 10 to 18, and the model was
excited by waves and currents in a water tank at Ocean Uni-
versity of China.

Two damage locations were examined in the structure; the
first location was in the low slope bracing, and the second
location was in the upper bracing (Fig. 7). Damages were
modeled using two flanges, and the member was completely
damaged by removing all the bolts in these flanges. The
damaged member was restored to its original state by rein-
stalling the bolts. Fig. 8 shows the corresponding acceleration
signals (Sensor 1) in the frequency domain, at a sampling rate
of 500 Hz.

Before the first test, two flanges corresponding to elements
7 and 15 were fastened, and all bolts at element 7 were sub-
sequently removed, and the first test was then conducted.
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Fig. 7. Numerical model of the test structure.
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Fig. 8. Measured acceleration signal of Sensor 1 in frequency domain.

Fig. 9 shows the damage detection results obtained by im-
plementing the proposed approach, indicating that damage at
element 7 was identified accurately, and a damage severity
estimation of -1.0661 was recorded. In addition, elements 15
and 18 also demonstrated some damages (Fig. 9). This is
because the flange at element 15 was fastened inappropriately,
implying that there were some damages at these two elements
before the first dynamic test.

When the bolts at element 15 were removed completely
before the second test, and when only the second measured
data were applied to the proposed method, the results illus

Damage Severity
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Fig. 9. Damage detection results when element 7 was cut off.
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Fig. 10. Element 7 and Element 15 cut off simultaneously.

21

trated in Fig. 10 were obtained. This study concluded that
elements 7, 15, and 18 were damaged before the second test
was implemented; thus, the damage or damages that occurred
after the first tests could not be determined.

When the proposed approach, which involves using the first
and second measured data simultaneously, was implemented
in the scenario (in which two measured modes were em-
ployed), the results shown in Fig. 11 were obtained. These
results clearly indicated that damage at element 15 occurred
between the first and second tests.

VI. CONCLUSION

Damage detection is generally extremely difficult when
only a single platform measurement is used. This paper
proposes a new damage evaluation method for identifying
damages that occur between adjacent measurements. One
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Fig. 11. Damage localization using the adjacent tests.

theoretical improvement is that the requirement of using the
stiffness matrix of the FEM to replace that of the measured
model can be ignored in calculating the MSE of the measured
model. The other improvement is that the effects of the dam-
ages accumulated before the first measurement in the damage
detection that occurs between the two measurements can be
considerably reduced. The results of numerical studies also
demonstrated that the proposed method can be used to localize
the damages that occur in the time interval of two adjacent
measurements and to evaluate these damages accurately, even
in spatially incomplete situations. Furthermore, the experi-
mental results clearly indicate that the damage at element 15
that occurred between the first and second test could be de-
tected accurately.
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