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Damage Localization for Offshore Structures by Modal Strain
Energy Decomposition Method

Hezhen Yang, Huajun Li and S.-L. James Hu

Abstract— A newly developed damage localization method Il. DAMAGE LOCALIZATION METHODS
applicable to two-dimensional and three-dimensional frame . :
structures is presented. This method is based on decomposing A. Overview of an Existent Damage Index Method
the modal strain energy into two parts, one associated with Developed in [3], a damage index for each element of a
element's axial coordinates and the other transverse coordi- structure system3;, is computed as:
nates. The method requires only a small number of mode /

shapes identified from damaged and undamaged structures. Noy . .

Numerical studies are conducted based on synthetic data B Z (%-j +%)%‘

generated from finite element models. This study demonstrates B;=—-L = = j=1,---,N. Q)
that the newly developed method is capable of localizing By Nm

> (v + i)

damage for template offshore structures no matter of the =

damage located either at a vertical pile, a horizontal beam
or a slanted brace. where E;, E7 = Young's modulus for thejth element

before and after damage, respectively (throughout the paper,
superscript« is used to indicate a damage version),, =

the number of modes being consideréd, = the number
I. INTRODUCTION Ne
of elements of the structural system, = > vir, 7/ =
k=1

. . . - . Ne . .
Offsh<|)rte s(;ructureséhdttjrmg tlit'lelfr ser\:lr::e Ilfet:_, conlfmua}llyz1 Ve v = ®T Kjo®;, andvy; = @17 K;o®;, in which
accumulate damage that results from the action of variods1 . _ , i
environmental forces. The cumulative damage may cau ér’nq);e; t2§tzif/2|mot(rj1§ ZLtheersuCr;idamf%f;nzngsdeag]agzgofys
the change of the modal properties of the structural syste  fesp Y, P Ar™ = ansp PE '
. . . o = K;/E;, andK; = the global version of the stiffness
such as natural frequencies, damping ratios and mode’’ . 7 :
matrix of the jth element for undamaged system. One can

h . In practi modal parameter I Xtr . o2
Shapes practice, modal parameters could be e taCtFrzl erprety;; as a quantity for the contribution of thgh

from structural response data even without any knowled . .
of the excitation, such as using the Natural Excitatio(\?"neqement to theth modal strain energy for the undamaged

: ; . ; . . structure, andy; as the total for théth modal strain energy.
Technique (NEXT) [1] in conjunction with the Eigensystem Furthermore, [3] defined the damage indicator of fte

Realization Algorithm (ERA) [2]. Upon a few mode shapes )

for damaged and undamaged structures becoming availabrfé(?mber as 8, —B
a damage index method developed by Stukbsl. [3] Z; = jT
could have been applied to localize the damage of the A
structure. However, while this damage index method [3] hadhere 3 and o3 represent the sample mean and standard
been successfully applied to beam-type (one-dimensionalviation of3;, respectively. It is realized thaf; is nothing
structures for damage localization, its applications to twomore than a statistically normalized quantity fér.

and t_h_r ee-dimensional frame-type structL!res were not %S Development of the Modal Strain Energy Decomposition
promising. The present study develops an improved damagfethod

index method to localize the damage for a three-dimension

frame structure, specifically, a template offshore structure. The major concept of the new damage localization al-
This new approach is based on defining two damage indicg8ithm is to separate thgth modal strain energy of
by decomposing element’s modal strain energy into twihe structure into two groups according to local element
parts. One index is computed from the modal strain energgPordinates.

associated with thaxial coordinates, and the other is from To explain this decomposition method, a beam element in

modal strain energy associated withnsversecoordinates. & plane (two-dimensional) is chosen for illustration purpose.
For a beam with lengtli, cross section ared and moment

of inertia I, its local stiffness matrix (a 6-by-6 matrix),
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kj = E;/L3 x Similarly, for a damaged structure, the counterpartFif

is defined as:
AL? 0 0 —AL* 0 0 Far _ EL” @)
0 121 61L 0 —12L 6IL ij £a*
0 6IL 4IL? 0 —6IL 2IL?
—AL2 0 0 AL 0 0 where .
0 —12I —6IL 0  12L —6IL &T =07 K] (8)
0 6IL 2IL? 0 —6IL 4IL?
and
in which columns (rows) 1 & 4 correspond to axial coor- LT = ‘1>§‘TK§*<I>;* 9)

dinates, 2 & 5 transverse coordinates and 3 & 6 rotational
coordinates. The quantities and K™ may also be expressed as:
. The above element stiffness matrix can be decomposed K% = E,;K9 (10)
into: J J

kj = k§ + kb + kj + kY (3 and

j . Ky = B K, (11)
where superscripts, ¢, r andtr stand for axial, transverse,
rotational, and transverse-rotational, respectively. In partiovhere the scalard’; and £ are Young's modulus rep-
ular, one has resenting material strength of the undamaged and damaged
jt" members, respectively. Clearly, the matfiy, involves

100 -100 only geometric quantities.
000 000 For a given modej, the termsF} and F2* have the
« E;A|L 0 00 0 00 - . / !
k® = following properties:
J L -1 00 1 00
0 00 0 00O Ne Ne i
000 0 00 M E =) Ryt =1 (12)
j=1 j=1
and )
0 0 00 O 0 When N, is large, bothF; and F;" tend to be much
0 1 00 —1 0 less than unity. Similar to the procedure used in [3], an
Lt 12,110 0 00 0 0 assumption is made betweétf. and Fi‘;-* as:
J L3 0o 0 0 0 0 O .
0 -1 00 1 0 71+Fi{l = (13)
000 00 0 0 L+ I
Likewise, k is the matrix containing rotational terms only, Substituting (6) and (7) into (13) yields
and k” is assomated with the cross transverse-rotational (g/la‘* + gq*) ga
sntfness terms. It is recognized that the measurements " - (14)

associated with rotational coordinates are difficult to obtain (&5 +er)er
practically, so most damage detection methods use mo%ﬂneﬁ to be the ratioE,/E*, computed based on the

shapes that include only translational coordinates. axial modal strain energy associated with the mode.
The_aX|aI moqlal strain energy of thgth element corre- sypstituting (4) — (5) and (8) — (11) into (14), and im-
sponding to theth mode is defined as: posing the approximation§¢ ~ E;®;” K§®; and £ ~
E*o*TKed* where K¢ is the assemblage oK%, one
a _ T ap, g TR0 0 Jor
£ = i K7 ) obtains
where K¢ is the_ global versiqn of the matrix{. In 5 <(I);<TK;O¢:+(I)*TKO )ga
turn, the total axial modal strain energy of the structure F (15)
corresponding to théth mode is obtained as: O (O K5y ®; + T K§®,) £
g0 = T Kop, (5) Furthermore, substituting the following approximation
a T rra
where K¢ is the combined stiffness matrix assembled by 5{1’* ~ w (16)
all individual K¢, j = 1,---,N.. For theith mode, the & 7 Kg®y
fractional contrlbut|on to the total axial modal strain energypo (15), one obtains
(or generalized stiffness) by thgh member is denoted as:
e Cog (oK + 0T Kper) o7 Ko, a
Fo=g ©  PTE T (@K, + el Ke,) 9T Kg;
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To take IV, modes into consideration, one can take th&imilarly, the estimate ofy; from ﬂ§ is calculated as
average ofgf; for i =1,---, Np,!

1
of =——1 (25)
N, *xT 170 F* * T 1ra & * T 17a J 6t
| N (9T K0; + 0T K07 ) OT Ko, )
7T N & (RTK®, + 9T K§d,) 0T KgP; dOQriaZZOLQE?u;ﬁi'ézewtﬁ:é -erdijl it gu';gséi?sdi fgc:r:plr;ct)e
(18) ’ ‘

where3] can be interpreted as the damage index associatl%ﬁ oflsirenlgt<h ;t the membgrTheoretically, it must hold

with the jth member based on the variation of axial modaﬁ a-lsa; 50

strain energy. D. Rationale for the Modal Strain Energy Decomposition
Alternatively, one can also calculatif according to Structural members of a typical template offshore plat-

form consist of vertical pile members, horizontal beams and

N,
> (<I>;FTKJ‘?0<I>;‘ + <I>;*TK3<I>;‘> OTK§®, slanted braces. When the vibration modes under consider-
B§ = l?vl (19) ation are mainly lateral (horizontal) motion, instead of up-
Z (‘biTKfoq’i 4 ‘PZ—TKS‘E) (I);kTKgq);k down (vertical) motion, th_e modal straln energy of the pile
i=1 members would be dominated by their transverse modal

Equation (19) is viewed as the counterpart of (1) while onlftraln energy. On the other hand, the mod.al strain energy

the axial modal strain energy is under consideration. of the horizontal members would be dominated by their
By the same token, if only the transverse modal straift

energy is considered, one should obtain the correspondi

xial modal strain energy.
When a member of an offshore structure suffers the
Poqss of strength, the entries of the global stiffness matrix

index as X
that correspond to the nodal coordinates of the member
(<I>;*TK§0<I>;‘ n <I>;‘TK5<I>;‘> o7 K1, would lower their values. In turn, chan_ggs on the vibration
P | 20) modes are expected to be more significant at those nodal
B = W . T ( coordinates. Because those nodal coordinates are shared by
> (‘I)i Kjoq’fi + @; Ko‘bi) o7 K@ the damaged member and members connected to it, the

=t variation on the element’s modal strain energy due to this

Following the normalization procedure as (2), one cadamage is expected to be noticeable not only at the damaged

define two damage localization indicators as: member itself, also at those members that are connected to
1) the axial damage indicator or axial modal strairthe damaged member.
energy change ratio (AMSECR): In view of the statements above, if the damaged member
_ is a horizontal beam, it is not possible to detect this damage
7o _ Bg — Be 21) based on the one-index modal strain energy methed,
J 0 3a using (2), which calculates the modal strain energy without

composition, because the largest modal strain energy
ange would always take place at vertical members. In
contrast, if the two-index method is applied, it would expect
Bt — Bt that the largest axial damage indicafff occurs at the dam-
Zt = % (22)  aged beam, together with larger values of transverse damage
At indicator Z{ at pile members connected the damaged beam.
where the over-line represents the mean valueangpre- If the damaged element is a vertical pile member, applying
sents the standard deviation of the corresponding variabléhe 2-index method, one expects that the largest transverse
_ . damage indicatorZ} is at this particular pile member,
C. Estimate of Damage Severity together with larger values of axial damage indicafgrat
Based on the definition of¢ or B¢ which measures those horizontal or slanted braces adjacent to the damaged
the ratio 7,/ E;, literally one should be able to measurePile member.
the severity of the damage, or the degree of strength loss, . NUMERICAL STUDIES

occurred at thgth member. Defining the loss of the strength
at jth member as A. Offshore Platform Model

2) the transverse damage indicator or transverse modgﬁ
strain energy change ratio (TMSECR):

The structure studied here is a template offshore platform

o = Ej” — Ej (23) located at a water depth of 97.4 m. The offshore platform,
Ej which consists of vertical pile members, horizontal beams
one shows that the estimate @f from 3¢ should be and slanted braces, is modelled with 207 elements (see Fig.
1). A commercial finite element package has been employed
a_ 1 to produce synthetic data. Several special kinds of elements
af = — —1 (24) . . . . )
J By to account for various physics have been utilized, including
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Fig. 1.
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Sketch of the offshore platform under study

A SUMMARY OF THE DAMAGE CASES

Case

Damaged Membe

Member Number

Reduction onk;

horizontal beam

14

5%

slanted brace

105

5%

vertical pile

78 & 79

10%

Avial Modal Strain Energy Darnage IndicatofAMSEDI)

-— 105

Fig. 2.

L L L L L L L L L L
20 a0 &0 a0 100 120 140 160 180 200
Element  Number

Results of axial damage indicator (Case A)

— 79

78 —

55~
the simulation of external forces due to ocean wave ar J
current, the buoyant effect of the water, and the eleme
mass containing added mass of the water and the pi
internals, etc. Additionally, the buildings and equipment:
at the top of the offshore platform are also modellec I T T I T 7 I T R
accordingly. s

0 bt d bk gy

i

Transverse Modal Sirain Energy Damage Indicator(TMBED)

B. Synthesized Damage Cases

The aforementioned finite element model is taken as the
undamaged baseline model. For facilitating the following
presentation, each structural member of the offshore pldtlement 55 because of its relative position to element 79.
form is distinguished by assigning a unique number. ThreEherefore, one could conclude that beam 14 is the damaged
damage cases are synthesized for numerical studies, covdgmber.
ing the cases with damage occurred at a vertical, horizonal2) Case B — damaged slanted brackhe second dam-
and slanted member, respectively. A brief summary of thage scenario considered herein has a damaged slanted brace
three cases is given in Table I. (member number 105) with 5% loss on Young’s modulus.

1) Case A — damaged horizontal beaffhe first dam- Numerical results of the axial damage indicatgt;, and
age scenario is with a damaged beam (member number 14§ transverse damage indicatdf;, are shown in Fig. 6
having 5% loss on Young’s modulus. Following the newlyand Fig. 7, respectively. From Fig. 6, the slanted braces
developed two-index method, Fig. 2 shows the results df05 and 106 are most likely damaged (positions shown in
the axial damage indicatoZ?, and Fig. 3 the transverse Fig. 8). Similarly, from Fig. 7, the vertical elements 56 and
damage indicatorz!. The numerical result o indicates 80 are probably damaged (positions shown in Fig. 9). If
that the horizontal member 14 and slanted brace 106 (thdire damaged element was one of the pile elements 56 and
positions are shown in Fig. 4) have significantly largeB0, one would expect its surrounding elements must have a
values onZ¢, thus these two members are likely to be thdargerZ; value. This does not happen. While both elements
damaged elements. Similarly, from the numerical results ¢f05 or "106 could be the damaged element, element 105
Z!, the vertical elements 79, 78 and 55 (their positions ar@deed has the largest?, and thus is most likely to be
shown in Fig. 5) are the potentially damaged elements. the damaged member. Certainly, when the damage occurs
the vertical element 79 was damaged, one would expect tteitelement 105, it is reasonable to have larggnvalues on
several horizontal/slanted members connected to membsgrtical elements 56 and 80.
79 must exhibit larger values afi. Obviously this is not 3) Case C — damaged vertical pil&frtical pile mem-
the case. On the other hand, if beam 14 was damaged, drexs 78 and 79 with 10% loss of Young's modulus is
could anticipate a IargeZ;? value on vertical elements 78 the third damage scenario. The results&5f and Z;? are
and 79. It is also reasonable to have a Iarg?rvalue on provided in Fig. 10 and Fig. 11, respectively. As shown
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Fig. 3. Results of transverse damage indicator (Case A)



Fig. 5. Member positions with significarﬁj value (Case A)

106 —

l.— 106
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Fig. 6. Results of axial damage indicator (Case B)

Fig. 9. Member positions with significarﬂ;‘f value (Case B)
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=  undamaged member

in Fig. 10, slanted braces 94 and 96 (positions shown i
Fig. 12), together with many other members are havin
comparably largeZs values. It suggests that the information
about Z¢ might not be useful to identify the damaged N\
member. From the numerical results m; the vertical i I\
elements 78 and 79 are most likely damaged (positior e
shown in Fig. 13). Applying the rationales presented earlie i —z\ s Ny P
one reaches the conclusion that the damaged element
most likely to be the vertical element 78, and possibli
element 79 as well, since the surrounding beams/braces
element 78 indeed possess larggr values.

= damaged member

= undamaged member

=== damaged member

‘Avial Modal Strain Energy Damage Indicatof/AMSEDI)

L L L L " L L L L L
o 20 a0 &0 a0 100 120 140 160 180 200
Element Mumber

Fig. 10. Results of axial damage indicator (Case C) | >

0 ‘ . ‘ . ‘ . ‘ . ‘ . Fig. 13. Member positions with significalﬁ; value (Case C)

78—

-~ 79

each element. Numerical studies have been conducted based
55 - on synthetic data generated from finite element models.
While the existent one-damage-index method fails to locate
damage location for three-dimensional frame structures, this
- g study demonstrates that the two-damage-index method is ca-

pable of localizing damage for template offshore structures
no matter of the damage located either at a vertical pile, a
horizontal beam or a slanted brace.

erse Modal Strain Energy Damage Indicator{TMSEDI)

T ]Irl_l

Transys
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Fig. 11. Results of transverse damage indicator (Case C)
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