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Modal parameters are sensitive indicators of structural damages. However, thesemodal parameters are sensitive not only to damage,
but also to the environmental variations. Development of vibration based damage detection methodology which is robust to
environmental variation is essentially important for the structural safety. The present paper utilizes a recently developed modal
strain energy decomposition (MSED) method to localize the damage of an offshore structure. A progress of the present paper is to
take the temperature variation into consideration andMonte Carlo simulation is introduced to investigate the effect of temperature
variation on the robustness of damage localization. Numerical study is conducted on an offshore platform structure considering the
temperature variation. Several damage cases, including single and double damage scenarios, are included to investigate the damage
localization algorithm. Results indicate that the MSED algorithm is able to detect the damage despite the temperature variations.

1. Introduction

Vibration-based damage assessment and structural health
monitoring (SHM) have been widely investigated during
the past decades [1, 2]. The essential feature of vibration-
based damage detection is that the dynamic characteristics
of the structure would change due to the physical properties
alteration of the structures. Such variations can be detected
by utilizing modal identification methods and by monitoring
the changes in the structure on a global basis.

Among the vibration based damage assessment methods,
one type of damage identification methods only uses modal
frequency information for damage assessment. Cawley and
Adams [3] were among the first to use an incomplete set
of natural frequencies to identify the location of damage.
A detailed discussion on the use of natural frequency as a
diagnostic parameter in structural assessment procedure can
be found in the review paper by Salawu [4]. More recently,
Wang and Li [5] and Wang [6] proposed an iterative modal
strain energy method for damage localization and severity
estimation, only requiring the changes of a few lower natural
frequencies. Gillich andPraisach [7] presented a newmethod,
based onnatural frequency changes, able to detect damages in
beam-like structures and to assess their location and severity,

by considering the particular manner in which the natural
frequencies of theweak-axis bending vibrationmodes change
due to the occurrence of discontinuities. The advantages
of frequency based methods include availability of modal
frequencies from only one sensor record, and the identified
frequencies have higher accuracy and robustness than those
of mode shapes. However, information from only structural
frequency is not sufficient, because modal frequency is a
global property of structure and changes of frequency due to
local damages may not be reflected, especially for large-scale
structures such as offshore platforms.

Another class of damage diagnosis methods uses mode
shapes. Early studies focus primarily onmodal assurance cri-
teria (MAC) and coordinate MAC (COMAC) values to iden-
tify damage by determining the level of correlation between
modes from the test of undamaged and damaged struc-
tures [8–10]. Later, mode shape derivatives, such as mode
shape curvature and strain-based mode shapes, were used as
an alternative to obtain spatial information about vibration
changes [11, 12]. After that, many methods based on dynam-
ically measured flexibility have been proposed for damage
detection. Because of the inverse relationship to the square
of the modal frequencies, the measured flexibility matrix is
most sensitive to changes in the lower-frequency modes of
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the structure [13–15]. However, mass-normalized mode
shapes are required when formulating the flexibility matrix.
Among the damage identification methods using mode
shapes, the modal strain energy based methods seem to be
promising for damage evaluation.

The Stubbs damage index algorithm, based on the
decrease in modal strain energy, is defined by the curvature
of the measured mode shapes [12, 16]. This method requires
that the mode shapes before and after damage be known, but
the modes do not need to be mass normalized and only a
few modes are required. More recently, modal strain energy
decomposition (MSED) method has been developed for
damage localization [17–19]. The MSED method defines two
damage indicators, axial damage indicator and transverse
damage indicator, for each member. Analyzing the joint
information of the twodamage indicators can greatly improve
the accuracy of damage localization.

In vibration-based damage identification and SHM,
dynamic modal parameters, such as natural frequencies and
mode shapes, of a structure are usually used as damage-sen-
sitive features. However, these modal parameters are not only
sensitive to structural damage, but also to the environmental
factors and operational conditions such as temperature,
humidity, and traffic conditions [20–22]. The structural
modal parameters may change along with the environmental
factors and operational conditions, which could possibly
mask the subtle structural changes caused by damage.There-
fore, the influence of environmental effects should be recog-
nized and eliminated before applying damage identification
methods [23, 24]. Several researchers have emphasized the
importance of removing environmental or/and operational
variations and have proposed some data cleansing proce-
dures for SHM [20, 25–30]. Generally, three classes of meth-
odologies, theoretical derivation methods, trend analysis
methods, and methods of quantitative models, have been
developed to correlate the temperatures and vibration prop-
erties. The interested reader can find more information in
the two recently published review articles [21, 22].

From the literature review, one can see that a lot of papers
concerning variations in vibration properties of civil struc-
tures under changing temperature conditions have been
published. However, most of these studies focus on variations
in frequencies of bridge structures, with some studies on vari-
ations inmode shapes and damping of bridge structures. Off-
shore platforms, operated in harsh environment and under
various external forces, constantly accumulate damage dur-
ing their service life. Clearly the development of robust tech-
niques for early damage identification is crucial to avoid the
possible occurrence of a catastrophic structural failure. For
offshore structures, factors that influence the modal param-
eters cover variations of temperature, tidal level, foundation
scouring, marine growth, and deck mass, and so forth.
Modal changes produced by environmental conditions can
be equivalent or greater than the ones produced by damage
[31]. Therefore, development of robust damage assessment
methodology, where the damage indicator is insensitive to
environmental variations, has become to be a key problem
in the damage detection and structural health monitoring.
Generally there are two approaches which are able to handle

such cases. One way is to firstly correlate the environmental
variation and the modal parameters and conduct the damage
assessment after the effect of environmental variation has
been removed. Another more promising way is to develop
a robust damage indicator, which is sensitive to structural
damage but insensitive to environmental variations.

The objective of the present paper is to investigate the
robustness of environmental variation on damage localiza-
tion of offshore platform structures. A recently developed
modal strain energy decomposition method is used for
damage localization of an offshore platform structure. A
progress of this paper is to take the temperature variation into
consideration and Monte-Carlo simulation is introduced to
investigate the effect of temperature variation on the damage
localization. Different temperature variations for structural
members which are located in air and beneath water are
assumed. Both single damage and double damage scenarios
are considered. To this end, the paper is structured as follows.
In Section 2, the modal strain energy decomposition method
for damage localization is briefly described. The model of a
platform structure and simulations of environmental varia-
tion are introduced in details in Section 3. Section 4 reports
and discusses the results of environmental variation on the
damage localization. Finally, the paper is concluded with
some final remarks in Section 5.

2. Modal Stain Energy Decomposition Method
for Damage Localization

In this section, the modal strain energy decomposition
method is briefly reviewed and will be used for damage local-
ization [17–19].

Stubbs et al. [12] proposed a damage index for damage
localization. The damage indicator, named Stubbs’ damage
index, is defined as
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where 𝐸𝑗 and 𝐸
∗
𝑗 are Young’s modulus for the 𝑗th element

before and after damage, respectively; 𝑚 is the number of
modes being used; the elemental and global modal strain
energy for the 𝑖th mode shape is, respectively, defined as

𝛾𝑖𝑗 = Φ𝑖
𝑇K𝑗0Φ𝑖, (2)
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in whichΦ𝑖 andΦ
∗
𝑖 are the 𝑖thmode shape of the undamaged

and damaged structure, respectively; the superscript “𝑇” is
the transpose operator and superscript “∗” is used to indicate
a damage version. K𝑗0 = K𝑗/𝐸𝑗, where K𝑗 is the stiffness
matrix of the 𝑗th element defined in global coordinates for the
undamaged system.K0 is the global stiffness matrix, which is
constituted of K𝑗0 for all the finite elements.
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For a more robust classification criterion of damage loca-
tion, a normalized damage indicator is defined as

𝑍𝑗 =
𝛽𝑗 − 𝛽

𝜎𝛽
, (6)

where 𝛽 and 𝜎𝛽 represent the mean and the standard devi-
ation of 𝛽𝑗, respectively.

Themajor concept of themodal strain energy decomposi-
tion method is to separate the structural modal strain energy
into two groups according to local element coordinates. One
is axial modal strain energy and the other is transverse
modal strain energy. Then two damage indicators can be
defined [18]. For an elemental stiffness matrix 𝑘𝑗, it can be
decomposed into

𝑘𝑗 = 𝑘
𝑎
𝑗 + 𝑘
𝑡
𝑗 + 𝑘
𝑟
𝑗 + 𝑘
𝑡𝑟
𝑗 , (7)

where superscripts 𝑎, 𝑡, 𝑟, and 𝑡𝑟 stand for axial, transverse,
rotational, and transverse-rotational terms, respectively.That
is, 𝑘𝑎𝑗 is the matrix containing axial stiffness terms only, 𝑘𝑡𝑗
is associated with the transverse stiffness terms only. It is
recognized that the measurements associated with rotational
coordinates are difficult to obtain practically, somost damage
detection methods use mode shapes that include only trans-
lational coordinates.

Following the formulation of Stubbs index, the axial
damage index can be obtained as follows:
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In (8), K𝑎𝑗 = 𝐸𝑗K
𝑎
𝑗0 where K

𝑎
𝑗 is defined as matrix 𝑘𝑎𝑗 trans-

formed from local to global coordinates. And the matrix
K𝑎𝑗0 involves only geometric quantities. Equation (8) can be
viewed as the counterpart of (1) while only the axial modal
strain energy is under consideration.

By the same token, if only the transverse modal strain
energy is considered, one should obtain the corresponding
index as

𝛽𝑡𝑗 =
∑
𝑚
𝑖=1 (Φ

∗
𝑖

𝑇K𝑡𝑗0Φ
∗
𝑖 + Φ

∗
𝑖

𝑇K𝑡0Φ
∗
𝑖 )Φ𝑖
𝑇K𝑡0Φ𝑖

∑
𝑚
𝑖=1 (Φ𝑖

𝑇K𝑡𝑗0Φ𝑖 + Φ𝑖
𝑇K𝑡0Φ𝑖)Φ∗𝑖

𝑇K𝑡0Φ∗𝑖
. (9)

In (9), K𝑡𝑗0 is the geometric part of stiffness matrix corre-
sponding to transverse parts in global coordinates.

Following the same normalization procedure as in (6),
one can define the axial damage indicator as

𝑍𝑎𝑗 =
𝛽𝑎𝑗 − 𝛽

𝑎

𝜎𝛽𝑎
(10)

and the transverse damage indicator as

𝑍𝑡𝑗 =
𝛽𝑡𝑗 − 𝛽

𝑡

𝜎𝛽𝑡
, (11)

where the overline represents themean value and𝜎 represents
the standard deviation of the corresponding variable.

The damage pattern is classified via a statistical-pattern-
recognition technique using hypothesis testing. Then the
decision rule for damage location is selected as follows [32].
The structure is not damaged at the 𝑗th location when 𝑍𝑗 <
𝑍𝑐 and is damaged when 𝑍𝑗 ≥ 𝑍𝑐 in which 𝑍𝑐 is a number
that reflects the level of significance of the test (e.g., if 𝑍𝑐 = 2,
then the confidence level is 97.7%). It should be mentioned
that 𝑍𝑐 = 2 is used in the following numerical study for
damage location.

A typical 3D frame structure generally consists of vertical
columns, horizontal beams, and diagonal braces. If the
vibration modes used in damage detection are mainly lateral
(horizontal) motion, the modal strain energy of vertical
members would be dominated by the transverse modal strain
energy. On the other hand, the axial modal strain energy
would contribute significantly to the modal strain energy
of horizontal members and diagonal braces. Therefore, ana-
lyzing the joint information of the two damage indicators
can greatly improve the accuracy of damage localization. For
detailed explanation and comparison, the reader may refer to
two published articles for more information [18, 19].

3. Numerical Example

3.1. Description of the Structure. An offshore platform struc-
ture described in [33] is used here for numerical study.
The structure consists of 36 steel tubular members that
comprise 12 leg members, 12 horizontal brace members, and
12 diagonal brace members in vertical planes. All members
have uniform outer diameter 17.8 cm and wall thickness
0.89 cm. The heights of the three stories are all 9.14m, and
the side lengths of the bottom and top floors are 12.19m ×
10.97m and 4.88m × 3.66m, respectively. The essential
material properties of the steel tubular members are elastic
modulus 𝐸 = 2.06 × 1011N/m2, volumetric mass density
𝜌 = 7850 kg/m3, and Poisson’s ratio ] = 0.3. The finite ele-
ment model of the platform structure is synthesized, where
each structural member is modeled as a three-dimensional
uniform beam element, and is distinguished by assigning an
element number. Also shown in Figure 1 are the node and ele-
ment numbering, respectively. Modal analysis is carried out
by developing a program inMATLAB environment to get the
modal frequencies and mode shapes. The first three modal
frequencies are 7.72, 8.31, and 8.87Hz, respectively. Also the
first twomode shapes are exhibited in Figure 2, where the first
mode is vibrated dominantly in the 𝑦-(short-span) direction
and the secondmode in the 𝑥-(long-span) direction. And the
third mode is a torsion mode around 𝑧-axis. For simplicity,
the still water level (SWL) is assumed to be exactly located on
the second floor from the top, as shown in Figure 1.

3.2. Simulation of the Environmental Temperature. As de-
scribed in Section 1, the variation of the environmental tem-
perature will influence the physical properties of the struc-
ture. To consider the effect of temperature variation on the
modal parameters, it is assumed that Young’s modulus is
dependent on the temperature. Woon and Mitchell [34]
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Figure 1: Sketch of the offshore platform structure: (a) node num-
bering and (b) element numbering.
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Figure 2: The first three mode shapes of the undamaged structure.

showed that 𝐸(𝑇(𝑡)) depends linearly on the temperature
through experimental investigation; that is,

𝐸 (𝑇 (𝑡)) = 𝐸 (𝑇
0) + 𝛽 (𝑇 (𝑡) − 𝑇

0) , (12)

where 𝛽 is a temperature gradient of 𝐸(𝑇(𝑡)) that describes
the linear change due to the temperature difference and𝐸(𝑇0)
is Young’s modulus at the reference ambient temperature. In
this paper, 𝑇0 is selected as 10∘C and 𝐸(𝑇0) is equal to 2.06 ×
1011N/m2. And the temperature gradient 𝛽 equals −1.0 × 108,
whichmeans a linear decrease with the temperature increase.

To investigate the effect of temperature variations on
damage localization, the air temperatures is considered a
Gaussian process with mean 10∘C and standard deviation
8∘C, and the water temperature is considered a Gaussian
process with mean 15∘C and standard deviation 4∘C. With
this assumption, it indicates that the air temperature has a
broader change range than that of the water temperature.
At the same time, the average water temperature is higher
than that of air temperature. In the following investigation,
a 1000 Monte Carlo simulation was used to investigate

Table 1: Damage scenarios in the numerical study.

Damage case Damaged
member

Damage
severity

1st
frequency

(Hz)

2nd
frequency

(Hz)
Baseline None 0 7.7243 8.3101
A 𝑦-brace 12 30% 7.6889 8.3100
B 𝑥-brace 18 20% 7.7235 8.2547

C 𝑦-brace 12
𝑥-brace 18

30%
20% 7.6881 8.2547

the effect of temperature variation on the robustness of dam-
age localization. The histogram of the simulated temperature
and its theoretical probability density function (PDF) are
illustrated in Figure 3.

As described in Section 3.1, it is assumed that the still
water level (SWL) is located on the second floor from the top,
as shown in Figure 1. And it is assumed that this water level
is not changed during the simulation. Under such circum-
stances, structural members 1–12 are assumed to be located
in air and the others are beneath the water surface.

3.3. Damage Scenarios. In this paper, Young’s modulus of
the damaged members is reduced in order to obtain the
modal parameters of the damaged structure by repeating
the modal analysis. Three damage cases are synthesized for
the numerical studies. The damaged members are illustrated
in Figure 1. In damage case A, structural member 12 (for
simplicity, named 𝑦-brace), which is orientated diagonally in
𝑦𝑜𝑧 plane above SWL, is assumed to be damaged with a 30%
stiffness loss. In damage case B, structuralmember 18 (named
𝑥-brace), a slanted diagonal member located beneath water
and orientated in 𝑥𝑜𝑧 plane, is assumed to be damaged with
a 20% stiffness reduction. Damage case C is a double damage
scenario, where both of the structural members inflicted in
damage cases A and B are included.

Table 1 summarizes the three damage scenarios. Since
only the first two modes are utilized for damage localization
of offshore platforms in Section 4, therefore, the first two
modal frequencies of the baseline and the damaged structures
are also listed in Table 1. It should be noted that Young’s mod-
ulus of the baseline structure is set to be 2.06 × 1011N/m2,
which corresponds to a 10∘C constant temperature. From
Table 1, it is noticed that the first frequency of the structure
B with a damaged 𝑥-brace at 18 and the second frequency
of the structure A with a damaged 𝑦-brace at 12 do not
change noticeably from their counterparts of the undamaged
structure.This also suggests that a damaged 𝑥-brace does not
have discernible effect on the first mode shape, which pre-
dominantly vibrates in the short-span 𝑦 direction. Likewise,
a damaged short-span 𝑦-brace would have negligible effect
on the second mode shape that vibrates in the 𝑥 direction.

4. Results and Analysis

4.1. Damage Localization of the Structure under No Tem-
perature Variation. First, the damage localization without
considering the temperature variations will be investigated.
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Figure 3: Temperature variations used in the present paper.

The relative change ratios of the firstmodal frequency in dam-
age case A and the secondmodal frequency in damage case B
are −0.46% and −0.67%, respectively. For the comparison of
the mode shapes, the function of modal assurance criterion
(MAC) can be used as a measure of degree of consistency
(linearity) between one modal and another reference modal
vector as follows:

MAC {Φ∗𝑖 , Φ𝑖} =
Φ
∗𝑇
𝑖 Φ𝑖

2

(Φ∗𝑇𝑖 Φ
∗
𝑖 ) (Φ
𝑇
𝑖 Φ𝑖)
. (13)

If theMAC has a unity value, this is an indication that the
modal vectors are fully consistent. In the present study, the
MACs for the first three modes are 0.9998, 1.000, and 0.9999
for damage case A and 0.9999, 0.9992, and 0.9994 for damage
case B, respectively. It is noticed that a damaged 𝑦-brace 12
in damage case A will only produce effect on the first mode
shape, and a damaged 𝑥-brace 18 in damage case B will only
produce effect on the second mode shape. At the same time,
both damaged 𝑦-brace and 𝑥-brace have effect on the third
mode which is a torsion mode shape. It should also be men-
tioned that a damaged structural member located in lower
level (e.g., 𝑥-brace 18 in this study) have larger effect on the
vibration properties than that produced by a damaged struc-
tural member that is located in upper level (e.g., 𝑥-brace 12).

As (8) and (9) show, the damage indicators do not
utilize modal frequencies but mode shapes for damage local-
ization. Throughout this numerical example, the first two
mode shapes are utilized in the damage assessment. It has
been verified that the axial indicator is better for localizing
damaged brace member in both single and multiple damage
cases [19]. Therefore, the axial damage indicator is used for
damage localization in this paper. Shown in Figures 4 and 5
are the axial damage indicators for damage cases A and C,
respectively, when the first two mode shapes are utilized in
the damage assessment. As illustrated in Figure 4, the damage
indicator corresponding to element location 12 possesses the
largest value (5.2230), which is much greater than the thresh-
old (𝑍𝑐 = 2 in this paper, as described in Section 2). And
damage indicators associated with other elements are all less
than 2.Therefore, it can be concluded that element number 12
is the true damaged location. Similar results can be obtained
for damage case B and the results are not shown here for
space limitation. For the double damage scenario, the damage
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localization is shown in Figure 5. It is obvious that the damage
indicators associated with element numbers 12 and 18 are
greater than 2, indicating that elements numbers 12 and 18 are
damaged. From Figures 4 and 5, one can see that the present
method is able to determine the damage locations correctly.
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4.2. Damage Localization of the Structure under Different
Temperature Variations. In this subsection, it is assumed
that different parts of the platform structure are subject
to different temperature variations. The structural members
located above SWL (numbers 1–12) are subject to air tem-
perature variation and structural members beneath SWL
(numbers 13–36) are subject to water temperature variation.
As described in Section 3.3, the air temperature is considered
a Gaussian process with mean 10∘C and standard deviation
8∘C, and the water temperature is considered a Gaussian
process with mean 15∘C and standard deviation 4∘C. In the
following investigation, a 1000 Monte Carlo simulation is
always conducted to investigate the effect of temperature
variation on the accuracy of damage localization.

4.2.1. Damage Localization of Damage Case A. In damage
case A, the damaged 𝑦-brace 12, located above SWL, is
a slanted diagonal structural element which is oriented in
𝑦𝑜𝑧 plane. When the temperature variations are considered,
the first two modal frequencies for damage case A under
different conditions are illustrated in Figure 6. In Figure 6,
the dotted and solid black lines are corresponding to the
modal frequencies of the baseline and damaged structures,
respectively, under constant temperature (10∘C),while the red
and blue curves are associated with the baseline and damaged
structures, respectively, after considering the temperature
variations. From Figure 6, one can see that a damaged 𝑦-
brace would have negligible effect on the second mode shape
that vibrates in the 𝑥 direction. Meanwhile, the temperature
variation does have influence on the dynamic characteristics,
as the modal frequencies of the structure after considering
the temperature variation fluctuate around its counterpart.
One can easily compute the percentage variation of themodal
frequencies for the baseline structure after and before consid-
ering the temperature variations. The maximum percentage
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change in the first modal frequency is about −0.4%, which
is equivalent to that due to the inflicted damage in damage
case A. At the same time, the first two modal frequencies
in association with the water and air temperature of damage
case A for the first 50 samples are illustrated in Figure 7.
Generally, the modal frequencies will increase as the water
and air temperature decreases.

When 1000 Monte Carlo simulation was used to inves-
tigate the effect of temperature variation on the accuracy of
damage localization, the proposed damage indicator was
calculated by using the proposed MSED method when the
first two modes are utilized. Figure 8 shows the average
and ±𝜎 range (𝜎 denotes the standard deviation) of the
axial damage indicator 𝑍𝑎𝑗 from the 1000 simulations, where
each simulation is based on a temperature realization and
the first two mode shapes are employed in the MSED
method. From Figure 8, it is obvious that the average damage
indicator agrees perfectly well with their counterparts (results
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Figure 9: The first two modal frequencies for damage case B.

of Figure 4). At the same time, the standard deviation 𝜎
corresponding to each structural element is negligible small,
indicating that the MSED method is very robust to tempera-
ture variation.

4.2.2. Damage Localization of Damage Case B. In damage
case B, the damaged 𝑥-brace 18, located beneath SWL, is a
slanted diagonal structural element which is oriented in 𝑥𝑜𝑧
plane. The damage localization for damage case B is to be
investigated when the temperature variation is considered.
The first two modal frequencies for damage case B under
different conditions are illustrated in Figure 8. In Figure 8,
the dotted and solid lines are corresponding to the modal
frequencies of baseline and damaged structures under con-
stant temperature (10∘C), respectively, while the red and
blue curves are associated with the baseline and damaged
structures, respectively, after considering the temperature
variation. From Figure 9, one can see that a damaged 𝑥-
brace would have negligible effect on the first mode shape
that vibrates in the 𝑦 direction. Meanwhile, the temperature
variation does have influence on the dynamic characteristics,
as themodal frequencies of the structure after considering the
temperature variation fluctuate around its counterpart.

Similar to damage case A, a 1000Monte Carlo simulation
was conducted to investigate the effect of temperature varia-
tion on the accuracy of damage localization.The temperature
variation is identical to that used in damage case A and
the histogram of the simulated temperature is illustrated in
Figure 3. After considering this temperature variation effect,
the proposed damage indicator was calculated by using the
MSED method when the first two modes are used. The
average and ±𝜎 range of the axial damage indicator 𝑍𝑎𝑗 from
the 1000 simulations are demonstrated in Figure 10, where
each simulation is based on a temperature realization and
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Figure 10: The damage indicator for damage case B when the tem-
perature variation is considered.

the first twomode shapes are employed in theMSEDmethod.
FromFigure 10, one can see that the average damage indicator
associated with element 18 possesses the largest value, where
the mean value is equal to 5.23 and 𝜎 is 0.003. At the same
time, the average and standard deviation of the damage
indicators corresponding to other structural members is
negligibly small, meaning that the MSED method is able to
locate the correct damage when the temperature variation is
considered.

4.2.3. Damage Localization of Damage Case C. Damage case
C is a double damage scenario, where a slanted 𝑦-brace
12, located above SWL, and a slanted 𝑥-brace 18, located
beneath SWL, are assumed to be damaged. And the damage
severities are 30% and 20%, respectively. It is intended
to investigate the effectiveness of the MSED method for
locating multiple potential damages when the structure is
subject to temperature variations. Figure 11 illustrates the first
two modal frequencies for the double damage case C under
different conditions. In Figure 11, the dotted and solid lines
are corresponding to the modal frequencies of baseline
and damaged structures under constant temperature (10∘C),
respectively, while the red and blue curves are associated
with the baseline and damaged structures, respectively, after
considering the temperature variations. From Figure 10, it is
obvious that the double damage has effects on both of the first
two modal frequencies.

Similar to damage cases A and B, a 1000 Monte Carlo
simulation was implemented to investigate the effect of tem-
perature variations on the accuracy of damage localization.
After considering the temperature variations, the proposed
axial damage indicator was calculated by using the MSED
method when the first two modes are used. The average and
±𝜎 range of the damage indicator from the 1000 simulations



8 Mathematical Problems in Engineering

Baseline

Damaged case C
Damaged + temperature variation

Baseline + temperature variation

1st mode

2nd mode

7.6

7.7

7.8

7.9

8

8.1

8.2

8.3

8.4

M
od

al
 fr

eq
ue

nc
ie

s (
H

z)

200 400 600 800 10000
Simulation number

Figure 11: The first two modal frequencies for damage case C.
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Figure 12: The damage indicator for damage case C when the tem-
perature variation is considered.

are demonstrated in Figure 12, where each simulation is based
on a temperature sample realization. From Figure 12, one can
see that element 18 possesses the largest damage indicator,
where the mean value is equal to 4.235 and 𝜎 is 0.01. And
the second largest damage indicator corresponds to element
12, with mean value 2.88 and 𝜎 = 0.02, respectively. Average
damage indicators corresponding to other structural mem-
bers are negligibly small, meaning that the MSED method is
able to locate the correct damage for double damage scenarios
when different temperature variations are considered.

5. Conclusions

Vibration based damage detection is essentially important to
ensure the safety of offshore structures. Offshore platforms
are subject to environmental variations. Changes of modal
parameters produced by environmental conditions can be
equivalent or greater than the ones produced by damage.
Therefore, development of vibration based damage detection
methodology which is robust to environmental variation is
essentially important for the structural safety. The present
paper utilizes a recently developed modal strain energy
decomposition (MSED) method to localize the damages of
an offshore structure. The progress of the present paper takes
the temperature variation into consideration and Monte-
Carlo simulation has been introduced to investigate the
effect of temperature variation on the robustness of damage
localization.

Numerical study is conducted on an offshore platform
structure. Both single damage and double damage scenarios
are considered. At the same time, different temperature
variations associated with the structural members located in
air and belowwater, respectively, are assumed. AMonte Carlo
simulation is used to investigate the effect of temperature
variation on the robustness of damage localization.The aver-
age and ±𝜎 range (𝜎 denotes the standard deviation) of the
damage indicator from the 1000 simulations are statistically
calculated for the three damage cases. Numerical simulation
results show that the average damage indicator agrees
perfectly well with their counterparts when the temperature
variation is not considered, and the standard deviation 𝜎
corresponding to each structural element is negligibly small,
indicating that the MSED method is very robust to tem-
perature variation. The proposed algorithm is capable of
detecting the damage despite the temperature variations.

The present paper focuses on the direct effect of tem-
perature variation on the material properties of the off-
shore structures and further clarifies its effect on damage
localization. As change of modal parameters in an offshore
structure would be a result of various factors, for example,
changes in structural and water’s physical properties, changes
of annual still water level, and so forth, effect of the added
mass variation (resulted fromboth temperature variation and
still water level change) and the combined effects of added
mass change and temperature induced structural material
properties will be investigated in the near future.
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