
1 INTRODUCTION  

The field of health monitoring and damage detection 
has a great potential for applications in offshore 
structures (Roesset & Yao 1998). It is strongly 
requested to develop a global technique capable of 
assessing the health of offshore structures in an 
automated fashion, providing advance warning of 
structural damages and minimizing maintenance 
costs. Also the damage locations and severities are 
requested to be provided prior to implementing the 
underwater inspection or local detection. 

In response to these requests, a substantial 
amount of activities related to the global health 
monitoring and damage detection for offshore 
platforms have been carried out during the past 
decades. Among these activities, vibration-based 
approaches have been widely employed, which 
detect the changes of structural modal properties. 
The basic idea behind this technology is that the 
modal parameters (notably frequencies, mode 
shapes, and modal damping) are functions of 
physical properties of the structure (mass, damping, 
and stiffness). Therefore, changes in the physical 
properties will cause detectable changes in the 
modal properties (Doebling et al. 1998). Nataraja 
(1983) reported on a program designed to monitor 
three jacket platforms over a two-year period and to 
demonstrate the feasibility of such a system for 
structural damage detection. Kim & Stubbs (1995) 
examined the feasibility of using limited modal 
information for damage detection in jacket 

platforms. This algorithm has been successfully 
applied to damage detection in a simple jacket 
platform model with only the first three modes 
available. And an extension of the algorithm has 
been proposed by Yang et al. (2003) to detect 
changes in extensional and flexural modal strain 
energy separately, and has been applied to damage 
detection in a jacket-type offshore platform under 
ambient excitation. Mangal et al. (2001) presented 
an experimental investigation on a laboratory model 
of a jacket platform for structural monitoring using 
vibration responses due to impulse and relaxation. 

Due to the difficulty in implementing free 
vibration or forced vibration tests for such a huge 
structural system as an offshore platform, there is a 
growing interest recently in using ambient vibration 
measurement for damage detection in offshore 
structures (Kondo & Hamamoto 1994; Brincker et 
al. 1995; Yang et al. 2003). When ambient excitation 
is considered, a modal identification method only 
based on the output data should be employed for the 
vibration-based approach. Notable among such 
modal identification techniques are the Eigensystem 
Realization Algorithm (ERA) (Juang & Pappa 
1985), the vector-type ARMAV method (Andersen 
1997) and the scalar-type ARMA method 
(Kanazawa & Hirata 2000), which is employed in 
this paper. 

The majority of offshore platforms are jacket-
type, steel tubular, space frames. Generally this type 
of offshore platform consists of hundreds of 
members and joints. For the jacket-type offshore 
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platform, the most common type of damage is the 
fatigue crack caused by the oscillatory loads from 
ocean waves. The other types of damage are usually 
related to the accidental events (e.g., ship collision 
and dropped objects). From the experience of 
underwater inspections (Della Greca 1997; Stacey & 
Sharp 1997), it can be noted that there are two 
regions of structure where damage incidents occur 
most frequently. One such region is in the vicinity of 
still water surface where the wave force is most 
violent. It is reported that wave slamming by storms, 
sea-water corrosion and ship collision usually take 
place in this region. The other region is close to the 
sea bed where the bending moment on the platform 
legs exerted by environmental loads is largest and 
the water pressure is highest for platforms in deep 
water. Recognizing the fact that the damage 
occurrence is concentrated in these two regions and 
that it is hardly possible to install sensors at every 
joint of the huge structural system, there is a very 
practical need for developing a damage detection 
method based on partial measurement (i.e., detecting 
damage in a suspect region) for offshore jacket 
platforms. 

In this paper, newly derived algorithms to predict 
location and severity of damage in a structure based 
on partial measurement of vibration in the target 
detecting region are presented for jacket-type 
offshore platforms. Firstly, two existing damage-
detection algorithms (Kim & Stubbs, 1995 & 2002) 
using changes in whole mode shapes of pre- and 
post-damage structures are reviewed. Then the 
existing algorithms are improved to derive new 
detection algorithms using changes in partial mode 
shapes by a mode-shape transformation. Secondly, 
employing a numerical model of a typical offshore 
jacket platform and regarding the simulated response 
data of the undamaged and damaged structures 
under white-noise ground excitation as ambient 
vibration measurement, the feasibility of the new 
algorithms using changes in partial mode shapes are 
examined assisted by an ARMA method (Kanazawa 
& Hirata 2000) for modal identification. Finally, the 
features of the two algorithms for damage location 
and severity estimation are compared and 
summarized. 

2 ALGORITHMS OF DAMAGE DETECTION 

2.1 Two existing algorithms for damage detection 
using global mode shapes 

For a linear, undamaged, skeletal structure with ne 
elements and n nodes, the ith modal stiffness of the 
arbitrary structure is given by 
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where {Φi} is the ith modal vector and [K] is the 
system stiffness matrix. The contribution of the jth 
member to the ith modal stiffness Sij is given by 
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where [Kj] is the contribution of the jth member to 
the system stiffness matrix. Then, the fraction of 
modal energy for the ith mode that is concentrated in 
the jth member (i.e., the sensitivity of the jth 
member to the ith mode) is defined as 

iijij SSF /=  (3) 

Let the corresponding modal parameters in Eqs. 
(1) to (3) associated with a subsequently damaged 
structure be characterized by asterisks. Then for the 
damaged structure, the damaged sensitivity of the jth 
member to the ith mode is defined as 

*** / iijij SSF =  (4) 

in which the quantities Sij
* and Si

* are given by 
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The quantities [Kj] and [Kj
*] in Eqs. (2) and (5) 

may be written in a standard formation by FEM as 
follows: 
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where the scalars Ej and Ej
* are parameters 

representing material stiffness properties of 
undamaged and damaged jth member of the 
structure, respectively (for simplicity, they can be 
regarded as Young's modulus herein), and the matrix 
[Kj0] involves only geometric quantities (and 
possibly terms containing Poisson’s ratio) and it can 
represent beam or plate elements. The ratio Ej /Ej

* 
can be regarded as a damage-location indicator for 
the jth member. 

Then using the above concepts and ideas, two 
damage indices have been proposed as follows: 
 
Damage Index A (Kim & Stubbs 1995) 
 

Suppose we make an approximation that the 
modal sensitivities for the ith mode and the jth 
location is the same for both undamaged and 
damaged structure (i.e., Fij* ≈ Fij). Furthermore, to 
avoid the false prediction of damage occurrence 
when the jth member is at or near a node of ith 
mode, a transformation is made that the axis of 
reference for the modal sensitivities is shifted by a 
value of unity (i.e., Fij

*→Fij
*+1 and Fij→Fij+1). 

Then the following relation is obtained using Eqs. 
(3) and (4): 
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On substituting Eqs. (1), (2), (5), (6) and (7) into Eq. 
(8) and by rearrangement, a damage indicator βj for 
jth member (and account for nm modes) is obtained 
by 
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and damage is indicated at the jth location if βj > 1. 
Once damage is localized at the jth member, its 
severity can be estimated as 

1,1/1 −≥−= jjj αβα  (10) 

where damage severity is indicated as the reduction 
in stiffness in the jth member if αj < 0. 
 
Damage Index B (Kim & Stubbs 2002) 
 

Let λi and λi
* be the ith eigenvalues of pre- 

and post-damage multi-degree-of-freedom structural 
system respectively. Then the ith eigenvalues can be 
related to the following forms: 

iii dλλλ += *  (11) 

Let dSij represent the fractional change in Sij, and 
assuming the structure is damaged in nd locations 
and the resulting change in Sij is only the function of 
Ej, the fractional changes in modal stiffness can be 
approximately related to the fractional changes in 
modal properties: 
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in which gi(λ ,Φ ) is the dimensionless factor 
representing the systematic change in modal 
parameters of the ith mode due to the damage. dMi is 
the change of the ith modal mass Mi in the system. 

Then a new damage index for ith mode and jth 
location is given by 
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For nm vibration modes, a damage index βj for 
the jth location is obtained by 
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Same as Damage Index A, once damage is localized 
at the jth member, its severity can be estimated as 

1,1/1/ −≥−== jjjjj EdE αβα  (16) 

where damage severity is indicated as the reduction 
in stiffness in the jth member if αj < 0. 
 

2.2 Improved algorithms for two damage indices 
using partial mode shapes 

In the damage detection algorithms discussed above, 
the mode shapes at all nodes of the structure are 
requested as shown by Eqs. (1) and (6) for Damage 
Index A or Eq. (14) for Damage Index B. However, 
in a real situation, it is hardly possible to install 
sensors at every joint of such a huge structural 
system as an offshore platform. Therefore it is 
desirable to derive an algorithm which requires only 
partial measurement at nodes in a target detecting 
region. In the following, such an algorithm is 
proposed by assuming that the damaged members 
are located only in the detecting region (i.e., they are 
among the members connected by the measured 
nodes). 

The dynamic equation of motion for an 
undamaged skeletal structure can be written in the 
form 
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where [M], [C] and [K] represent the mass, damping 
and stiffness matrices of the structural system 
respectively ([M] is assumed to have the form of 
lumped mass approximation) , and }{U&& , }{U&  and 

}{U  denote the vectors of structural accelerations, 
velocities and displacements respectively. Noting 
that actually only translational accelerations can be 
measured by sensors, it is treated at this stage to 
apply the static condensation technique to condense 
the [K], [M] and [C] matrices with only three 
translational DOFs for every node item.  

For improving the algorithm, the [K] and [M] 
matrices are decomposed into measured and 
unmeasured node items as follows: 
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in which subscripts m and u represent measured and 
unmeasured node items, respectively. It is suggested 
that the measured nodes had better be selected to be 
consecutive. 

Then the equation of motion for free vibration 
analysis can be written in the form 
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where ωi is the natural circular frequency of ith 
mode, and Φiu and Φim are the ith mode shapes at 
unmeasured and measured nodes, respectively. 
Decomposing Eq. (19) and by substitution, the ith 
mode shape of unmeasured nodes, Φiu, can be 
obtained from the partial mode shape associated 
with measured nodes, Φim, by 
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Thus the ith mode shape at all nodes is expressed as 
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where  

umuuiuu KMKR 12 )( −−−= ω  (22) 
Also let the corresponding items in Eqs. (21) and 
(22) associated with a subsequently damaged 
structure be characterized by asterisks. Then the 
following relations can be obtained  
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where  
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Assuming that the damage members are among the 
members connected by the measured nodes, it can be 
approved that 
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Then Eq. (24) can be rewritten in the form 
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Using Eqs. (21), (22), (23) and (26), the mode 
shapes at all nodes in pre- and post-damaged 
structures can be obtained from the partial mode 
shapes at measured nodes and the associated natural 
frequencies. Thus, employing Eqs. (9) and (10) for 
Damage Index A or Eqs. (15) and (16) for Damage 
Index B, the damaged member can be detected using 
only partial measurement of vibration. It is 
important to note that the improvement does not 
alter the algorithm itself, but is just a supplement to 
it.  

The indicator of damage location for Damage 
Index A or B is normalized to provide more robust 
statistical criteria for damage location. The 
normalized damage index for the jth member, Zj, is 
given by 

βσ
ββ −

= j
jZ  (27) 

where the terms β  and βσ  represent the mean 
and the standard deviation of the collection of βj 
values (for the members located only in the 
detecting region), respectively. 

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 (Fukunaga 1990): 

The structure is not damaged at the jth location 
when Zj < Zc ; 

The structure is damaged at the jth location 
when Zj ≥ Zc ; (28) 
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 the following figures in Section 3.2 for damage 
location will use index Zj. 

In final, the damage-detection algorithms can be 
summarized with the following characteristics:  
1) only a few modes (i.e., less than or equal to two 

modes) are available,  
2) only partial measurement is available (i.e., 

damages in suspect structural region can be 
detected),  

3) three translational DOFs are measured by 
sensors at a node. 

3 NUMERICAL VERIFICATION 

The objective herein is to demonstrate the feasibility 
of the proposed damage detection algorithm based 
on partial measurement of vibration for offshore 
platforms. This is achieved in the following steps: 
Firstly, the platform model for simulation is selected 
and the damage detecting region for partial 
measurement as well as typical damage cases are 
defined. Secondly, the dynamic response data of the 
undamaged and damaged structures under white-
noise ground excitation is simulated. Regarding the 
response data as the ambient vibration measurement, 
natural frequencies and mode shapes at nodes in the 
detecting region are identified by employing the 
ARMA method. Finally, using identified modal 
parameters of the undamaged and damaged 
structures, the proposed algorithms of Damage Index 
A and Damage Index B are employed to locate 
damages and estimate severity of them simulated in 
the structure. 

3.1 Test structure and damage cases  
The structure studied herein is a typical jacket-type 
offshore platform in deep water (Shi et al. 2005). 
The platform consists of a jacket template with four 
main legs supporting six floors and fixed on the sea 
bed. The platform model generated by a FEM 
software is shown in Figure 1. It has totally 56 



nodes, 132 pipe elements and 4 additional lumped 
mass elements on the top floor. The material of all 
structural members is steel with mass density of 
7,800 kg/m3, Young's modulus of 207 GPa (for 
undamaged state) and Poisson's ratio of 0.3. The 
parameters of the platform and wave data are listed 
in Table 1. 

 
Figure 1. Model of a Typical Jacket-type Offshore Platform 

Table 1 Structural Parameters of the Platform 

Height of structure up to top floor 123.14 m 
Leg spacing at bottom floor 43.43 m 
Leg spacing at top floor 22.22 m 
Total mass of structure in air 3,416 ton 
Diameter / thickness of bottom leg 3.048 m / 35 mm
Diameter / thickness of top leg 1.219 m / 14 mm
Mean water depth 97.38 m 

 
The region between the fourth and fifth floors, 

which is located in the vicinity of still water surface 
(Z = 0), is selected as the target damage detecting 
region as shown in Figure 1. Here is the region 
where damage incidents occur most frequently as 
aforementioned. There are totally 16 nodes and 28 
elements in this region.  The positions of the 28 
elements are shown in Figure 2 where element 
numbers are marked in addition to two node 
numbers marked in circles. The member order of the 
28 elements denoted in the figures of damage 
indices below is listed in Table 2.  

 
Figure 2. Element Position in Damage Detecting Region 

Four damage cases inflicted in the damage detecting 
region are investigated, as listed in Table 3. Noting 
that there are three member types in the offshore 
plaform, i.e., leg, slanted brace and horizontal brace, 
the first 3 damage cases are inflicted, which are 
limited to the structure damaged only in a single 
location and associated with each of the three 
member types. Also considering the fact that braces 

Table 2 Element Number in the Detecting Region 

MO* EN** MO EN MO EN MO EN
1 5 8 12 15 19 22 88
2 6 9 13 16 20 23 89
3 7 10 14 17 54 24 90
4 8 11 15 18 61 25 91
5 9 12 16 19 68 26 92
6 10 13 17 20 75 27 103
7 11 14 18 21 87 28 104

* MO : Member Order        ** EN : Element Number 

Table 3 Damage Cases Inflicted in the Detecting Region 

Case Damaged member 
(EN) 

Damage 
severity* 

Member size 
L(m)/D(m)/T(mm)**

1 Leg 75 -10% 17.51/1.5748/18 
2 Slanted brace 89 -20% 21.51/0.9144/9 
3 Horizontal brace 14 -30% 14.08/0.9144/9 

4 Slanted brace 90 
Horizotal brace 15 

-20% 
-30% 

21.51/0.9144/9 
14.08/1.3716/16 

* Damage severity: reduction percentage in Young’s modulus 
** L/D/T: Length/Diameter/Thickness 
 
are easy to be damaged in jacket-type platforms, 
Damage Case 4 is inflicted in the structure damaged 
in two locations of braces. The damage serverity and 
member size are also listed in the table. In all cases, 
damage is simulated in the structure by reducing 
Young’s modulus of the related members. 
Considering the size of damaged member and its 
insensitivity to the lower bending modes, it should 
be reminded that Damage Case 3 is the most 
difficult case to be detected even if the reduction 
percentage in Young’s modulus of the damaged 
member is increased to 30%. 

The principal modal properties of the undamaged 
(baseline) platform model considering the added 
mass of water, evaluated from eigenvalue analysis, 
are summarized in Table 4. It should be mentioned 
that in every damage case the magnitude of damage 
for structure is very small and there is almost no 
influence on the lowest three natural frequencies of 
the structure 

Table 4 Modal Properties of the Platform Model 
Mode order First Second Third 

Mode direction X bending Y bending Z torsion
Frequency (Hz) 0.6245 0.7095 1.1196 
Damping ratio 0.0200 0.0192 0.0187 

 



3.2 Outline of dynamic analysis of structure and 
modal identifications  

In order to check the validity of the proposed 
algorithm under an uncontaminated structural input, 
dynamic response analysis of the platform under 
white-noise ground excitation has been carried out 
(Shi et al. 2005). When simulating the response data 
of the undamaged and damaged platform, the white-
noise ground accelerations is assumed to be inputted 
in the horizontal direction at an angle of 45 degrees 
relative to X axis and with RMS of 0.055 m/s2. 
Newmark’s β method is employed with time interval 
of 0.01 s to solve the dynamic equation of motion in 
time domain, and the absolute acceleration responses 
have been computed and used for modal 
identification. The duration time of computed 
response data is 659.4s. It should be mentioned that 
the different time histories of ground acceleration 
inputs are used for undamaged and damaged cases. 

Regarding the simulated response data of 
accelerations as the ambient vibration measurement 
and considering two situations without and with 
measurement noise, modal identifications are carried 
out using the ARMA method. The measurement 
noise is treated by adding Gaussian white noise of 
10% in RMS to the response data. Considering that 
the range of identified frequencies lies between 0.5 
Hz and 0.8 Hz, the response data is decimated with 
time interval of 0.04 s (namely, the sampling 
frequency is set to be 25 Hz). The total number of 
every output data is set to be 1014 (=16,384), 
consequently the data length is truncated at 655.32 s. 
Only the first two bending modes are identified 
since the third mode (torsion about Z axis) is not 
well excited under ground excitation due to the 
symmetry of the structure. In performing the modal 
identification, Node 1 on the top floor is selected as 
the reference point as shown in Figure 1, and 16 
nodes in the detecting region are selected as the 
measurement points. The first and second natural 
frequencies are identified respectively. And the first 
and second mode shapes at each measurement point 
are identified respectively. The detail treatment 
about modal identifications can be referred to Shi et 
al. (2005). 

3.3 Damage location by two indices  
Figure 3 shows the damage-location results of four 
cases by Damage Index A using natural frequencies 
and partial mode shapes of the first two modes. If 
the decision rule is set to be Zc=2 (according to the 
decision rule (28), the structure is damaged at the jth 
location when Zj ≥ Zc), it can be observed that the 
five damage locations simulated in four damage 
cases are correctly predicted on both situations 
without and with measurement noise except that the 
damage index for horizontal brace 15 in Damage 

Case 4 is slightly small than Zc. No false prediction 
is found in all damage cases.  

Figure 4 shows the damage-location results of 
four cases by Damage Index B. It can also be 
observed that the five damage locations simulated in 
four damage cases are correctly predicted on both 
situations without and with measurement noise 
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Figure 3. Damage location by Damage Index A 
Using Modal Parameters of the First Two Modes  



except that the damage index for leg 75 in Damage 
Case 1 with measurement noise is slightly small than 
Zc. Also No false prediction is found in all damage 
cases. 

The damage-location predictions are found to be 
somewhat disturbed by the measurement noise, e.g. 

in Damage Case 3, but the disturbance is suppressed 
and does not lead to a false prediction for both 
algorithms of Damage Index A and B. It should be 
emphasized herein that the successful prediction of 
damage location is mainly attributed to the precise 
identification of modal properties by the ARMA 
method, especially on situation with measurement 
noise. And it can be concluded that both algorithms 
are feasible for damage location. 

3.4 Estimation of damage severity by two indices  
Before using the modal parameters form modal 
identification, modal parameters from eigenvalue 
analysis of the undamaged and damaged structures 
are used to compare Damage Index A with Damage 
Index B for damage-severity estimation. Table 5 
shows that Damage Index A underestimates damage 
severities greatly in all damage cases. However, 
Damage Index B estimates damage severities 
correctly in four damage cases except for brace 15 in 
Damage Case 4. Then it can be seen that Damage 
Index B is a more practical algorithm for damage-
severity estimation. 

Table 5 Estimated Damage Severities by Two Indices using 
Modal Parameters from Eigenvalue Analysis 

Estimated damage severity 
Case

Member and 
real severity 

(%) 
A* 
(%) 

Error 
(%) 

B** 
(%) 

Error
(%) 

1 Leg 75 / -10 -0.26 ------- -9.05 -9.5 
2 Brace 89 / -20 -0.27 ------- -17.9 -10.5 
3 Brace 14 / -30 -0.12 ------- -25.5 -15 

Brace 90 / -20 -0.27 ------- -23.7 +18.54 
Brace 15 / -30 -0.09 ------- +5.16 -------

* A: Estimated damage severity by Damage Index A 
** B: Estimated damage severity by Damage Index B 

Then using the modal parameters form ARMA 
identification, the damage severities are estimated by 
both indices. It is also shown that Damage Index A 
underestimates damage severities greatly in all 
damage cases, as shown in Table 6. And Damage 
Index B estimates damage severities correctly within 
an acceptable error relative to the true value except 
in Damage Case 3, as shown in Table 7. Thus also 
support the above conclusion from eigenvalue 
analysis. It is noted that the measurement noise 
influences the precision of severity estimation but is 
not a bad effect parameter strictly such as Damage 
Case 3 and 4.  

Table 6 Estimated Damage Severities by Damage Index A 

Estimated damage severity 
Case

Member and 
real severity 

(%) 
E1* 
(%) 

Error 
(%) 

E2**
(%) 

Error
(%) 

1 Leg 75 / -10 -0.22 ------- -0.25 -------
2 Brace 89 / -20 -0.22 ------- -0.25 -------
3 Brace 14 / -30 -0.11 ------- -0.09 -------
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Figure 4. Damage location by Damage Index B 
Using Modal Parameters of the First Two Modes 



Brace 90 / -20 -0.23 ------- -0.20 -------4 
Brace 15 / -30 -0.09 ------- -0.11 -------

* E1: without measurement noise 
** E2: with measurement noise 

Table 7 Estimated Damage Severities by Damage Index B 

Estimated damage severity 
Case 

Member and 
real severity 

(%) 
E1 
(%) 

Error 
(%) 

E2 
(%) 

Error
(%) 

1 Leg 75 / -10 -12.8 27.6 -14.5 44.7 
2 Brace 89 / -20 -29.1 45.6 -33.0 65.2 
3 Brace 14 / -30 -61.7 105.5 -52.7 75.5 

Brace 90 / -20 -27.4 37.2 -27.5 37.5 4 
Brace 15 / -30 -22.2 -26.1 -24.3 -19.0 

* E1: without measurement noise 
** E2: with measurement noise 
 
As for Damage Index B, one notice should be 
mentioned as follows. For both damage location and 
severity estimation, the number of damaged 
locations nd should be known a priori, as expressed 
in Eq. (12) associated with Eqs. (15) and (16). So it 
is suggested that nd should be determined at first 
using Zj of Damage Index A. Unfortunately, for the 
unique example of Damage Case 4 with multi 
damage locations in Figure 3, Damage Index A can 
not confirm nd = 2 due to the Zj of brace 15 is 
slightly small than Zc. But the authors strongly 
recommend such detection sequence. 

4 CONCLUSIONS 

Newly derived algorithms of two indices to predict 
location and severity of damage in structures using 
partial measurement of vibration in a target detecting 
region has been proposed based on the observation 
that damage occurrence of offshore jacket platforms 
is concentrated in two regions, i.e. in the vicinity of 
still water surface and close to the sea bed. 
Employing a typical model of jacket-type offshore 
platforms, numerical verification of the new 
damage-detection algorithms was carried out using 
partial mode shapes and corresponding modal 
frequencies identified by the ARMA method. The 
main conclusions arising from the present study can 
be summarized as follows: 
1) The two algorithms are feasible for damage 

location and robust against the measurement 
noise. 

2) Damage Index A underestimates damage severity 
greatly, so it can not be used for severity 
estimation of such truss or beam structures as 
offshore platforms. 

3) Damage Index B estimates damage severity 
correctly within an acceptable error. 
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