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Abstract

An algorithm to locate and estimate severity of damage in jacket-type offshore structures
for which modal responses are available for very few vibrational modes is presented. First,
a theory of damage locaization and severity estimation{which yields information on the loca-
tion and severity of damage directly from changes in mode shapes) is formulated. Next, the
feasibility the damage detection algorithm is demonstrated by using a numerical example
of an offshore jacket platform for which only three vibration modes are measured. Form the
material presented here, two major results are observed. First, all damage locations in the
offshore jacket platform are correctly predicted. Next, predicted damage is relatively correc-
tly estimated.
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1. INTRODUCTION

This paper deals with the general problem of
utilizing changes in modal parameters(ie., fre-
quencies, damping, and mode shapes) to nondes-
tructively detect, locate, and size damage in off-
shore platforms. Structural damage may be defi-
ned as any deviation of a geometric or material
property defining a structure that may result in
unwanted responses of the structure. A solution
to this problem is important for at least two rea-
sons. Firstly, damage localization and severity es-
timation are the first two steps in the broader ca-
tegory of damage assessment. Secondly, a timely
damage assessment could produce, among other
things, desirable consequences such as saving of
lives, reduction of human suffering, enhanced
protection of property, increased structural relia-
bility, increased productivity of operations, and
reduction in maintenance costs.

The majority of offshore oil-production platfo-
rms are jacket-type, welded, steel tubular, space
frames[1]. Periodic inspections for damage in
these structures are mandatory, because critical
damage can result from hostile environmental
loads such as fatigue or ship collision. Such ins-
pections are currently performed by divers using
visual inspection techniques[2]. However, many
adverse conditions (e.g., poor visibility, conceal-
ment of damage by marine growth, prohibitive
cost, unacceptable hazard in deep water, non
availability of properly trained divers, and depen-
dence of inspection on weather condition) limit,
hoth technically and economically, the effective-
ness of the inspection[3, 4.

During the past decade, a significant amount of
research has been conducted in the area of non-
destructive damage detection (NDD) using cha-
nges in modal parameters. Research studies have

related changes in eigenfrequencies to changes in

beam properties such as cracks, notches or other
geometrical changes[5, 6, 7], and also focused on
the possibility of using the vibration characteris-
tics of structures as an indication of structural
damage(8, 9, 10]. More recently, studies have
been made to monitor structural integrity of brid-
ges[11, 12], and to investigate feasibility of da-
mage detection in large space structures using
changes in modal parameters[13, 14]. In offshore
applications, research efforts have been made to
detect changes in structural integrity by monito-
ring changes in frequenciesf 15, 16, 17, 18] and by
monitoring changes in mode shapes of offshore
platforms[3, 4, 19].

Despite these research efforts, many NDD-rela-
ted problems of jacket-type structures remain to
be solved. Qutstanding needs still remain to lo-
cate and estimate the severity of damage in off-
shore platforms : (1) with many members, (2)
for which only few mode shapes are available (e.
¢., massive offshore structures for which only the
lower modes can be excited and measured), (3)
for which undamaged modal responses are not
available (e.g., the majority of existing jacket plat-
forms), and (4) in an environment of modeling,
measurement, and processing uncertainties.

The objective of this paper is to present a da-
mage detection algorithm to locate and estimate
the severity of damage in jacket-type offshore st-
ructures for which predamage and post-damage
modal parameters are available for very few vib-
ration modes. In order to achieve this objective,
the investigation is performed in two parts. First,
we propose a damage detection algorithm. We fo-
rmulate a theory of damage localization and seve-
rity estimation which yields information on loca-
tions and magnitudes of damage directly from
changes in mode shapes of structures. Next, we
demonstrate the feasibility of the damage detec-
tion algorithm by using a numerical example of
an offshore jacket platform for which only three
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vibration modes are measured. Here, the damage
detection algorithm will be considered feasible if
damaged members in structures can be located
and sized using straightforward computational

procedures and criteria.

2. DAMAGE DETECTION ALGORITHM

2.1 Damage Localization Theory

Consider a linear, undamaged, skeletal struc-
ture with NE elements and N nodes. The /* mo-
dal stiffness, K;, of the arbitrary structure is given
by[20]

K= @ICM, -+veeeeemrrrrreemmnnnnimaaanniieaans (1)

where @, is the ** modal vector and C is the sys-

tem stiffness matrix. The contribution of the *
member to the

by

modal stiffness, K;, is given

where C; is the contribution of the /* member to
the system stiffness matrix.
The fraction of modal energy for the i* mode
that is concentrated in the /* member(i.e., the se-
~th th

nsitivity of the ;* member to the * mode) is gi-
ven by

F”:KU_/Ki .......................................... (3)

Let the corresponding modal parameters in
Egs. 1 to 3 associated with a subsequently dama-
ged structure be characterized by asterisks. Then
for the damaged structure

NE
F=Ky/K*=F,(1+ kZA,kak+H.O.T.) - (4)
=1

where K’ and K% are given by, respectively,
K'jl:q)i*'l'c*j(p*” and sreeeeereree e (5)

K*l:q)l*'rc*q)l* ................................. (6)

where A; represents a set of coefficients associa-
ted with the mode i and location k : o, is the fra-
ction of damage at location k in the structure :
and H.O.T. stands for higher order terms. On di-
viding Eq. 4 by Eq. 3, we obtain

The quantities C; and C% in Eq. 2 and Eq. 5 may

be written as follows ;
C=EC,, and weewemersrremsmimisnen (8)
CEmE?C, rwoeverrsneeremesnesssssie e (9)

where the scalars E; and E7, respectively, are pa-
rameters representing the material stiffness pro-
perties of undamaged and damaged /* member of
the structure and the matrix C, mvolves only
geometric quantities(and possibly terms contai-
ning Poisson’s ratio).

On comparing Egs. 3 and 4, we make the follo-
wing observations : (1) for each location we can
write an equation for each mode : (2) if the da-
mage is to be specified in a small region, then we
will have a large number of equations to define
the system ; and (3) we must find a way to dete-
rmine the linear coefficients A, and the higher
order terms. Before we proceed as suggested
above, we pose the following question : Is there
a way to utilize Eq. 7 without having to deter-
mine A, and solve a large system of linear or no-
nlinear equations ?

To provide an answer to the question, we re-
sort to the following simplification. We have obse-
rved from experiment results (see Ref. [21]) that
the geometry of mode shapes in the vicinity of an
undamaged element of a structure changes very
little when the structure is damaged elsewhere.
It has also been experimentally observed that re-
lative modal deformations(ie., ®;) at a given lo-

cation are larger after damage occurred(i.e., stiff-
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ness reduction occurs). Both of these observa-
tions are consisten (to a first approximation) with
the approximation that the modal strain energy
(F,) in an element remains the same before and
after the damaging episode.

Consequently, we impose the approximation :

On substituting Egs. 1, 2, 5, 6, 8 9, and 10 into
Eg. 7+ and rearranging, we obtain

B _'ﬁt@i;dzj}c
in which the term B, is the damage localization
indicator for the j* member. All quantities on R.
H.S. of Eq 11 can be obtained from the experi-
mental measurements and the geometry of the
structure.

From Eq. 11, damage is indicated at the j* me-
mber if B 1. However, note that if the /* mem-
ber is at or near a node of the /' mode, the de-
nominator of Eq. 11 goes to zero and a false pre-
diction of damage results occurs. We overcome
this limitation(i.e., that of false positive predic-
tion) in the following manner. Adding unity to
both sides of Eq. 10 vields

Fi+ 1
1= — (12)
FU+ 1
Substituting for F§ and F, using Egs. 3 and 4
yields
(KKK,

- B T T TR R (13)
(K, +K)K*,

Utilizing expressions for K% and K, in Eqs. 2 and
5 along with the relationships given in Egs. 8 and

9, Eq. 13 is transformed to

5 [(D,* 1-CJ”(D,,’+ 7177 L\Zb] @ TC";.V(D*,]

7

Form which a new B, may be defined as

) 1 %
[d)’*[cmq)*’_{' ‘; s *IC k(b*:l
E% i K
B,: [ e e e
3 K’
[cp'c,,cp +oo Y eloe,
DANEES
.......................................... ( 15)

On substituting Egs. 8 and 9 into Eq. 15, we sim-

plify the latter damage localization indicator

NE
[d>*'c,,,d>* 3 dz*"E’;c,,,,o',]
kol
B,: e _*,.,,,,,Lv»*._ﬁi_.__‘i, -
1 -
[cp'c o+ ' Yomco] *
b’ PEa

[q)*'c,,d)* 'Z ®’'C, "
e

e e =0+ {16)

[ DIC, D, + z DIC D

0

Next we established statistical criteria for da-
mage localization. For a given set of modes, the
locations of damage are selected on the basis of
a rejection of hypotheses in the statistical sense.
Firstly, the values B,(j=1, 2, 3,-,NE) associated
with each member are treated as a realization of
a random variable . The normalized indicator is

given by ©

in which the terms B, and o, represent, respecti-
vely, the mean and the standard deviation of the
indicators of B. The localization scheme used here
constitutes essentially a detector which accepts a
specific value of the damage index as input and
provides as output a decision regarding the likeli-
hood that the structure is damaged at that loca-
tion. The null hypothesis is that the structure is
not damaged at the /* member(ie., H,). If H, is
true, we assume the distribution of the damage
indices to be given by f,(B/H,). The alternate hy-
pothesis is that the structure is damaged at the

— 147



148 Jeong-Tae Kim

7 member (ie., H)). For a given damage index
B;, the probability that the structure is not dama-
ged at the /* member when H,; is true is given
by

P]z I,j fB(B/Hu)dB ........................ (18)

or the confidence that the /% member is a dama-

ged location is 1—P;

2.2 Damage Severity Estimation Theory

Damage severity can be estimated directly from
Eq. 11. Let the fractional change in the stiffness
of the /" member be given by @, such that o, —1,
then by definition

E’;:E,(1+a,) ................................. (19)
Combining Eq. 11 and Eq. 19 yields

= ,_[_q_).—’lc_’"ﬂ I.(j: B ILLCELRE PR PRRP PR (20)
or'C@%] K
Note that the use of the approximation of Eq. 10
will result in an overestimate of the damage se-
verity because here we estimate Eq. 6 by the
equation K*=®*'Cd* but in reality 1C! > [C* 1.
Note also that we estimate K in this manner si-
nce the damage location and severity are assu-

med to be unknown.

3. NUMERICAL EXAMPLE : AN
OFFSHORE JACKET PLATFORM

The objective here is to demonstrate the feasi-
bility of the proposed damage detection algorithm
to locate and size damage in an offshore jacket
platform for which pre-damage and post-damage
modal parameters are available for very few vib-
ration modes. We meet this objective in four
steps. Firstly, the test structure is identified. Se-

condly, pre-damage and post-damage modal res-

- Norris Stubbs

ponses of the test structure are generated using
the software package ABAQUS[22]. Thirdly, the
validity of the assumption that F;=F% (ie., Eq.
10) is tested. Finally, the proposed damage dete-
ction algorithm is used to locate and size damage

simulated in the test structure.

3. 1 Description of the Test Structure

The test structure selected here is an analytical
model of an offshore jacket platform (see Refere-
nce[1]). As shown in Fig. 1, the main structural
subsystems of the model consist of 42 elements
that include 12 jacket leg members, 12 horizontal
brace members, 6 diagonal brace members in ho-
rizontal planes, and 12 diagonal brace members
in vertical planes. All members have uniform
steel pipe-section of 7.0 inch outer diameter and
0.35 inch pipe thickness. Values for the material
and geometric properties are assigned as follows
2 (1) the elastic modulus E=30X10%si (210
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Fig. 1 Test Structure . Offshore Jacket Platform
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Gpa) 5 (2) Poisson’s ratio v=0.3 ; (3) the cross- moment of area of the appropriate members. Nu-
sectional area A=7.7m*(50X10 *m?) ;s (4) the merically generated mode shapes for the first th-
second moment of area J=47.12in*(1.96X10 *m*) ; ree modes are shown in Fig. 3. The pre-damage

) ) : _ .
and (5) the linear mass density p=7.33X10 Table 1. Damage Scenarios for the Test Struc-

b+ s°/in*(7850kg/m*). A typical arrangement of

ture
16 sensors(one located at each of the 16 nodal poi- /"”7”1\‘/[;;1%’;"' T Member
nts) on the test structure is also shown in Fig. 1. Case (s) Damage  Case (s) Damage
We assume that each sensor measures motions in rl‘fﬁljfhjzsf% ’Tf“‘g”’fz;%* T
all six degrees of freedom. Note that, however, in P 9 -25% 5 5 14 —25%, —25%
reality not all degrees of freedom can be measu- 3 18 1% 6 18,32 —25%, —25%

red by sensors.

3.2 Modal Responses of the Test Strcture

We measure, via numerical simulation, modal
responses of the test structure. In this example
pre-damage and post-damage modal parameters
are generated for the first three modes. Here six
damage cases are investigated, as summarized in
Table 1. The eight damage locations simulated in
the six damage cases are shown in Fig. 2. The fi-
rst four damage cases are limited to the test st-
ructure damaged only at a single location. Note
that Cases 3 and 4 focused Member 18 in which

various magnitudes of damage are simulated. Ca-

ses 5 and 6 considered the test structure dama-
ged in two locations. In all cases, damage is si-

mulated in the structure by reducing the second

TN - e L

Mode 1 Mode 2 Mode 3

Fig. 3 Mode Shapes of Test Structure
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and post-damage (i.e., the six damage cases) fre-
quencies of the first three modes are listed in
Table 2. Note that damping coefficients will not
be measured in this study since the damage de-

tection technique used here neglect damping.

Table 2. Pre-Damage and Post-Damage Frequen-
cies(Hz) of the Test Structure

Mode Damage Case -
Number 1 2 3 4 5 6
T 1 639 639 639 637 637 635

2 892 884 893 883 892 884

3 1320 1322 1322 13.05 1320 12.80

3. 3 Validation of the Approximation of
Eq. 10

We examine the validity of the assumption that
F,=F",. Modal sensitivities are generated for the
undamaged and damaged structures. First, we se-
lect a space frame model (i.e., a model consisting
of 42 beam elements). Next, element sensitivities
of the model are computed by using Eq. 3 for the
undamaged structure and the six damage cases.
Note that in this case modal vectors of six deg-
rees of freedom are available for each mode

shape. Approximately 252 values of F), and F},

0047
n
B !
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v J .
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A o.on \
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g :

0.01 .
£
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Undomagedl Sensiﬁviﬁés

Fig. 4 Comparison of F, and F,* for Test Struc-

ture

(for j=12,3,..42) are computed for the damage
cases listed in Table 1. For each corresponding
damaged and undamaged case, (Fy, F}) pairs are
plotted. The resulting plot is shown in Fig. 4
along with the unity slope line. Except for five
points, all other points fall on or very near to the
unity line. From these results, we conclude that

the assumption is valid for this example.

3.4 Damage Prediction in the Test Structure

The proposed damage detection algorithm is
now implemented to locate and estimate severity
of damage inflicted in the test structure by using
incomplete modal information. This objective is
met in three steps. In Step One, we select modal
parameters of the test structure. We first obtain
a set of incomplete modal data including pre-da-
mage and post-damage mode shapes of the first
three modes in which readings at each node con-
sist of only three translational motions in the x,
y, and z directions.

In Step Two, we generate modal sensitivities
for the undamaged and damaged structures. First,
a space truss model (i.e., a model consisting of
42 rod elements) is selected as a damage detec-
tion model of the test structure since only three
translational motions in x, y, and z directions are
available at each joint of the test structure. Here,
by damage detection model we mean a mathema-
tical model of a structure with degrees of free-
dom corresponding to actual sensor readings.
Next, the damage localization indicator (i.e., Eq.
16) of the damage detection model is computed
for each damage case.

In Step Three, damage localization in the test
structure is performed in four steps. Firstly, we
compute the damage localization indicator (given
by Eq. 16) of the damage detection model (i.e.,
the space truss model) for each damage scenario.

Secondly, the damage localization criterion (given
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by Eq. 17) is established as follows . (1) select Thirdly, the criterion is used to select potential
H. (i.e, no damage at location i) if Z, < 2 or (2) damage locations. The predicted and inflicted da-
select the alternate H, if Z, > 2. This criterion mage locations for the six damage cases are
corresponds to a one-tailed test at a significance shown in Fig. 5. Finally, by using the severity es-
level of 0.023 (i.e. 97.7 percent confidence level). timator (given by Eq. 20), damage severity is es-
Case 1 Case 2
4 4
3 3
N, N
o S
—— 1 jpant 1
o S
:6 01 “ﬂ- g lm O o I_..'
2 of———ymrmn T L L BT L ] < = I A W
— -‘ :
' lMember 14 l Member 19
-z ' oo 2 5 41 - 1 11 21 31 PR
Member Number Member Number
Case 3 Case 4
4 4
3 3
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[e) o]
o ! o !
Q O
RSTY  | i (R PU R - S N 1
E o l" I,r._ "J_.r.“ I.l l" < 0 -——'“.l-ll-"-'. ~'|l "r.'lrrrJ-——
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-1 -1 1
MemPer 1 L ; [Member 18
=2 \ i 2 31 o - ) 1 21 31 et
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Fig. 5 Damage Localization Results in Test Structure
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timated for each predicted demage location shown
"in Fig. 5. The estinated damage severities are hs-
ted in Table 3.

Tabel 3. Severity Estimation Results in the Test

Structure.

Damage Damage Simulated Predicted Simulatéa
Case Location Magnitude Magnitude Predicted

o ‘ (s) (s) ~(s)  Ratio
1 14 ~025 0394 158
2 19 025  —0377 151
3 18 001 0018 180
4 18 025  —0414 166
_ 025  —0.366
2 > 1 g9 —o3sp 147
6 18,32  C025 03704

—0.25 —0.430

From the damage localization results (shown in
Fig. 5) and the severity estimation results (listed
in Table 3), the following three observations can
be made. Firstly, all eight (8) damage locations
simulated in the six damage cases are correctly
predicted. Secondly, no false locations are predic-
ted(i.e., additional locations in which no damage
is simulated are not predicted). Thirdly, note
from Table 6 that the predicted results consisten-
tly overestimate the inflicted damage by a factor
of 1.6. This trend indicates that there is a syste-
matic error associated with the use of Eq. 20.
Also note that we have used modal parameters of
only three modes to locate and size damage in a
structure with 42 members. These results estab-
lish the feasibility that the proposed damage de-
tection algorithm here can locate and estimate the
severity of damage in jacket-type structures for
which predamage and post-damage modal para-
meters are available for few modes(in this case

three modes).
4. SUMMARY AND CONCLUSIONS

The objective of this paper was to present a

damage detection algorithm to locate and estimate
the severity of damage in jacket-type structures
for which pre-damage and post-damage modal pa-
rameters are available for few modes of vibration.
In order to achieve the objective, the investigation
was performed in three steps. First, a damage
detection algorithm was outlined. Next, the feasi-
bility of the damage detection algorithm was de-
monstrated by using a numerical example of an
offshore jacket platform with predamage and post-
damage modal parameters of three modes and
with mode shapes of x, y, and z translational mo-
tions.

From the material presented here we conclu-
ded that it is feasible to localize and extimate se-
verity of damage in a jacket-type offshore plat-
form with only few pre-damage and post-damage
mode shapes. Research to improve the damage
detection algorithm proposed here is continuing
along three lines. Firstly, we are developing algo-
rithms to more accurately estimate the size of the
damage. Secondly, we are applying the algorithm
to different classes of structures. Thirdly, we are
now in advanced stages of demonstrating the pra-
cticality of the approach in damage localization
and severity estimation in laboratory controlled

experiments or full-scale field structures.
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