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AR ' As a consequence of the intreasing neceeeity for etructural :

..\.‘safety of drilling platforms, the need for monitoring techniquee capable
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& atory experimental evidence that 8 predictable relationship exists

".between phyaical damage of certain etructural ctmponents, and’ changes
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f:',in the resonant frequencies of a structure measured at the declc level., ‘

'».a,.To achieve thie objective, experimente were carried out on-a k-braced o

-
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-reeults were compared to those determined from a finite element model ‘

P A',"of the etructuge (free vibration S'BRUDL II analyeee)
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iy of detecting early damage of subsurface structural components increasee. ",-

The purpose of this atudy ia to provide theoretical and labor-'.

Natural frequencies were determined for ‘the intact: and damaged' S

to measure the effeots of the damaged member(e) on - the reeonant frequen-’ '.'_".‘: o

’ . l

. vc:l.es of the structure..' By removing an inclined member in a k—braced

—t o R

" 'panel to simulate damage -of that member, a: 22 752 decrease in the

' --_natural frequency of the 2nd sway mode wae meaeured on the transfer

B .‘function of the experimental model, the theoretical reeults indicated a -

T 16- 022 decrease. x Inveetigatione \into the effect of a- member cracking

. ”.-,

howed a 9 22 decreaee in the exqitation frequency of the an sway mode,

' P -Taee when a k—brace member wae cut halfway acroes at one Joint on the exper-';;".“ 1

:Lmental model. T I!“\' . ’ . - 1. »,."‘: L - — .
T From the reeulta obtained it wae concluded that the changea in o
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mode(e) most affected depended on the location of the dameged member(s)

It ie recommended that although the technique appeers pronising,

it should not be: viewetad ‘as a panacea for solving the problem of early
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' i detection of .eubsurface structural damage with great certainty eince

certainty, 1n such g g omplex environment ‘48 - the ocean, can rarely be
e ERUN 1 '
aesu,red.‘ Nonethelees. if the structural 1ntegrity monitor:lng techn:l.que

'{is applied :ln conjun tion with conventional detection proceduree, the

A

R . e e i e . I,




-

LITERATURE REVIEH

e g

% = e
o H

'i The Phy‘s:l.cal Analysis

»s

...

3 2 The Experimental Anaiyais.

=]
vz

g 2 Analyt:ical Procedure

Y

2
e e g B e

v 'l‘.‘ ."

EXPERIHENTAL san. A

o - Tl .,

5 1 Descr:lption of Mode]. .

e

. 05
-." .

Equip'mqnt Installation

iy

,\ 'xft- gl ‘

1, "-' -
b "l';;l

PR . _— - X . - - R S ) . : i .o % . et s
Cow " . . b Yl . Dl . - B D e o H Lre - . .,
ot ARl O R + AU | P - A L weWt oo,




22

517 ;Ilhqo:étical.'

- 27 Experimental - Results

7. 'DISCUSSION -OF. RESULTS 1.

3

Tl Sl | "e'l,'. o o, Al
+. 7:1." Theoretical Results.
Experimeital. Resplts -

a P - d -

", Acceleration Resuits

e, B8 =4
L%

3 'chxipaifiaoxf ‘Bé-t‘wééxi:. E*périuient_’é_l

-~ Results Se

1 N . . .

: "8, ‘CONCLIING ‘REMRKS.

9.4 ‘RECOMRNDATION
... REFERENCES.. :

+
H

—



A it A

‘ .

Petcentage Cha-nges in Natural équeucies when

o ."" L% -

'_ .B(A) -~ Measured Resonam:. Frequencies for the Iﬁtax:t

- and Damaged St‘ructure (Acceletation)

Pergentage Cha.nges in Natural Frequencies for
“the Damage& Structute (Acceleration)

Certain Members are Severed euretical)

—
‘-



R . . L
A‘ ST 10 " """Model Dimensions . . . e .. - -
e “ 1‘.I Flow Ghart of Computer Analyses. . '.; . ‘. .
. ; . 12 ::'_Adjusted Members P e wee eeTe ol
: 13 g Discretization of. Structure. .‘ S e -
L ) 1.4 -.’,'Stiffness Matrix of Member . . . '. . . .‘ “ S
N 1.\5_ | Computer Generated Finit:e Element Met:hod v g o
S TR _ 1‘.6w. ".(Common Elements of the Analytical and Experimental .
o z . - : : Invesfiga::‘ion. U e NN
f o ~ - i7" - Plan View of Foundation Bage . e e e
.;_ "_.‘; : : (‘1’; _Preﬁilevviex;l of Base :A(?,bnnecti.on.‘ TS e
j»“ , ;.9'\.".'-,le.e_j;ght,AfrangemenE‘on:B'a‘._ee Ca I.,‘. . e .‘3".“ «
- - ) 1.10 .1 Plan View of Deck ‘of Serticeure e e Cite W
‘ ; :‘AI'. ; ) fl‘.'l‘I Deck Arrangement aﬁd ;‘it;aker.- e s .- . ".\ -
. ' . 5 112 - Arrangement of Structul.'e . '._. e aae e - /
; , 113 A‘,{:Proximity Transducer . _‘j s e . v et
i ‘ < 114 Proximity Tranaducer Arzangement oun Tower, so . '.,'
i 2 ": f r 1, 15 (A) Experimental Gircuit e .‘ t R N v oo
i ‘ 15 (B) Teét Apparatus :‘ .. e e e e -
116 @) u%ed Mass at Deck. Gu et el cee
‘j RO i 16 (B) Arrangement of Masses at I:Iodes - . e . b Ve e e
.'. 117 LCho_sen Configurat:l.o'n‘ of frfanedgcére.' oo Ve e e
i i . s 1.18 ‘-v’Se'\‘r'erec‘i Member . .4_'. :7'. B .‘ .. - _' ..
' B 119 i‘.':'l.'he Four‘ier’;Ane],yz_ei;". “ sem . . oo s
b

-6k -

Vo

e e et ey

ool

65 .

67
68

69

70

77

72

72.

74

. 66

69

73

R o U S RU— - o
. * " ;

R e
N .

[ S




Figure _=' EIP R Tt e ‘Pﬂ'sé_ .
R _' 120 Flow Diagram of Exp‘%.mental Procedure e “ae . 76"
. _ ; L 4,’"‘;1.21':: Important Steps for Integrity Monitoring Ve eeneTE . s A

122

33_

Transfer cFunctions--Acceleration (Intsct, and,.'-
Member 91 Damsged) . .'-'.'-".'. . 5.—~. d

3 Hember 84 Severed at Node 31)

Determinstion of Power Spectrum for 1 Sample
Record (Unfiltered)

v

“In:l.ti I Test Results (No Lumped Masses Added)

Transfer Function (Acceleretion--No Lumped Masses)'-j"'

TG

Results of Random Vibration Test (Aceeleration--
Intact Structure) -. ~- s ‘o L} .o‘, s e o uﬂ . ‘,! .

. . 7 . | PR A
: e LR E

Reaults of Random Vibr’ation Test (Accelerstion—- ‘

Member 91 Gut Halfway at Node 23)0 Ll e R T

Results of Randog: Vitbration Test (Acceleration——:
Member 91 Conipletely Severed st Node 23)

y

Results of Random Vibration Test (Acceleration-‘:‘
- Member 91 Removed)

! o,e‘r ‘» p‘__'p'z'o' ot 9 e e
-t L 2!

l\esults of Random Vibration Test (Accelerstion--'.;"
Member 91 Removed and Member 84 Cut Off at Node 31)

[

-":

$100

Ton

Results of Random Vibration Test (Accelerstion—- L

M‘embers 9 and 8h removed) Sl e e e

Transfer Fuqctions--Accelerstion (Intsct, ,andij“
,S ightly Damaged at Ndde- 23) \

3
\

: 'Transfer Funct:lons--Acceleration (Intact 5. a.nd'_.-' o R

Member 91 Da.msged at Node 23) T

.
J . ¢ .

Transfer Functions-—Acceleration (Intsct, snd




A
gt v
v e o
w ey

o pegults'of Randem Vibration Test (Diﬂplﬂcemeﬂt" "-'.'&'.'
" iMgnber 91 Severed Haltway at.Node 23). . . , X
esitlts of Randon: Vibration, Test (Displ cement"'
, Node 23)

=0 b o Sl i 0505 ad N "

Results of Random V:I.bretion Teet (Dispa.acement:-- :
Member 91 Removed and Member 84 Cut Off' at “Node: 23)

. ‘. ‘,‘

Result.s of Random V:I.bration Test (Disp_lacemeut-- N
Members 91 and 84 Removed)~- WO S AR 3

Transfeé Func tiona--Displecement 3 -(Intect ’ and
91 Slightly Damaged at Node 23) .

A L4
.
S
Re l

Transfer Functioﬂe-—])ieplacement: (Intact, and :
Hember 91 Complef;ely Severed at:‘Node 23)

B -2,
. ey ey

b= Transfer Functione--D:l.aplacement: - (Int;act, and
Hember 9]. Removed)'-~‘ i T ,

: ‘Tranefer Functions--Displacement (Intact,."and"-' |
A Hember 91 Removed and“Member 84 Cut Off at‘-Nod :31)’

ge v e
ki g 3 5 <y

Transfer Func t:ions--Dieplac
Membere 91 d 84 Remnved)o

Cal:lbration -of DISAL Pfeiimity Transducer

oo
W 5

PR
e WY




. Band width or maximum frequeney content: of the
: ,“random eignal

o ':""External diameter of tubula' ﬂi'ember ,

'm. "o

Ti.me duration between eample pointe of I&'endoﬁ': p
Semple Record g ¥ L¥ .

S . hn A
.-"'

Frequency resolut:l.on

g ) A

.

Sample Frequency (fs < .23)

AL
. b

Acceleration due to- gravity

‘Magnitude of Croee Spectrum (Power Spectrum)‘

-.4_
0

93 Input kut:o Spectrum

e

- Dutput Aut:o Spect

Coherence function for output e:l.gnal y, and
input" signall x

21 Transfer' -Funct:lon

o
“ ar I ¢ ) _' . ‘_:‘.
AT g

Homent of Inertia about the x-ax:l.e

s
PR EASLRA LA




" gk iamnlln, s, 5

EY o I
e ek

ORI e
.' ..‘ ‘I'.' L
. il
. .
i . . ’ 5
4 .
v o . .
Y % - " ’
- . . "
! P P
o . .
.
‘.
. g
; 1

o

Moment of Inert::l.a about the., z-axia

a’bdut the y—axia

e

- .‘ 0

¥

N roota‘of the s'y; tem' s matr:l.x

Section Hodulus abom: the x-axis

e

---\A.'.-I g

;f',.n._'_.;_h.;..

i :

P
C—
v
’
[ 2e
q
e .
..

B e

.ol

}-n. »
M




ess ‘as a,,funcﬁiqﬁ ‘;éf"'-f.requénéj' iy

. Phase Aﬁg];e,‘in‘:'&e'gf

. .ri'.Ui':per""I::.Lmit' h:e;f;'\{épdy '

i:}e‘qq:ernéi:‘.j.:r;.’-.i‘-a'&ja#é: ‘per ‘Seconda

Dampeéd: natiral ‘£ L
(ZRE): 1 i b g

> "-Fourier Transform of input signal;
. PV Ep B R N ‘"

 maoh g

- x5 . .

Fourier Transfors of.

.
: 2

(zeta) :

1:functdon :

output Yes

¢,
. .. . e Fret

;" Damping’ ratio

TR

b,




Y .
'
N
AN
e .
.
’ .
e
.
0
A&
'
"
+
U
o

o ‘e
HEMETaNL S .
e h
' A
3 -
FORENS G
I
EEN .
ot o
[T L 3
SESEY had
] "
. 3
as, -
9 LS
-’
y o
.4 . .
.
P %.
1. v -
)
f .o,
. o)
. .
>
-
P T
R PO S
.
" .
P O .
e
Coa [}
- o -
va b i
. [RIRY A
; T
t ol 3
' ' .
s .
=, TN
. !
ICR TR
N4 TR
a s,
R %S
LI
SR
. et
LI .
N '
L
YRR T LA
-
ol ot
LS JEN
o
I 29 oA
N T
. s
I r .
e A
, .
<.
o 0
oy L -
YA $0
. S
.t
.y O
LTy -
¢
-
- DA
IR .
s 0
v
Lat
i 5
.
.
K .
:A .
0y S
A e
DT IP

Al‘ .

2
. c . L -
. et At N e ‘v

-.oil and gas has reeulted in structures being installed in deeper watera.
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"B‘cause inspecti.on earried oy t by d:lverS' is usually thwarted by poor

A
S,

L e . . : e ok
Techniquea now exist to measure the dynamical properties of a' é

. ,visibility, poor lighting anci ‘Eazardous, conditiona, _for exanple, very
- ,_';- = ‘i;w'water“temperatures and large w;ter ‘lduel.zths. F;rthermore, tnarine,',. 3
o Y growth and corrosion may conceal strectutaL (lffects (fractures} 'l;he N
=t ?::‘: ixiatfeq:xacy of these inspettion procedures .::Ls- ehxemplif.ied by.t'he. reporta .:
’ .o;‘. total .or near-lt»ss of drilling .rige in‘ttie Gulf of Mexico and the .
’. N°1‘¢h Sea- o ‘ I' : , =4 e &
“ ., - ','_ ;rhe' accident of the Alexander L. K:lelland on March 27, 1980, :ln
5 . i the Nerth Sea [2.4] d‘emens'trated”that cyclic' 1oading or an e;:tretrely g
: . ) hrge .:ningle load does ;mve the ea;ability oif”damaging struotures by' i
| _‘ ' -plron.lotinJg fra’ctures (cracks) im certain load‘c‘:a‘rryiné ;ember.s' .- Sim:e -
3 each metlber plays a) paramount roie: :Ln ltl".le'.strut,:t’ur.e B, int:ernal ‘damping ,
or sti.'f.;fne's's, any change in a memb'e‘r‘ can reeult in ::han.ges i;t:the atruc-
.:\Fural dynmiéa.l‘ propertg ; : . ‘:' ] , e
: * .'":. B 5_ “ L The resonant freque;cies of an}."stru'ctural aystem depe;c:l, ..to &) G
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structure and to represent 1ts dynamic behavior-in terms of its vibra-

2
’
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.tional mndes.-.Idenbdfieation of these vibration modes within e

-s._,.

fied frequency range quantifiee the - structure over»the given frequency

‘\;

f damage asaeasment.;

o8,

-~eet'51ifhed datum point it is possible to detect damage 1n e etructure.
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, .

-‘«-,';.
-
L I

£ Figure 1 21 gives a synopsis of the major ‘s
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:» Structural integrity monitoring of offshore oil and gaq drilling

platforms ie not without precedence. Loland and Hackenzie [1] experi-\w

'”mented on a k-braced offshore model rig from which natural frequencies

"}'.in one face removed Sudden changes in frequencies were observed

"":particularly the higher ones.- Percentage changes as high as 30% were

P

'“and assumptions from which structural integrity monitoring, using ,:ﬂ

..,. A

R e

;‘.

.1i-the braee was removed Begg et al [2] dealt with the theoretical ideas

g ”blvibration analysis had been developed‘~ At a later sympoaium (1978),.
ﬂj.iBegg and Mackenzie [3] presented a state-of-the-art discussiou of the

’v:~technique as applied to steel structures and indicated possible appli—

'chation to concrete offshore platforms.1.3¥ f"iyf? } ‘-T‘f“:';uiv"“'

- 5}?iences, and presented some of the results obtained from a structurel :

2. LITERATURE REVIEW oo .

- Loland and Dodds (19765 in Ref 4 discussed operating exper-; ;“’

.integrity system which had been used for a period of 6-9 months oq three~f

e

. ~platforms in the North Sea. The objective of that experiment was to e

v5~~;¥extend the lsboratory and computational studies of Loland et al [5]

1

ti:,Loland, Mackenzie and Begg (ibid ) carried out laboratory experiments‘

*3"on a k-braced model of an offshore platform. Changee in natural frequen~

o

K .cies occurred when members in the k-brace were removed They concluded

'i;that these changes were large enough to be detected reliably, and that

-+

Vfthe method should give positive indication of structural failure. 5 e

“_j‘were computed for the complete structure, and then with a single krbrace C f}':ff‘
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l'Ebr example, he showed that the higher frequencies involved only a

&:"small component, ‘80. modes involving underwater members csnnot be 3

I . . t

fmeasured much 1ess identified, from positions above the\water line.<. ,gf.

‘"ﬁ monitoring provides a back—up assurance of the ability of the platform L

‘o

'”‘to withstand major wave 1oading.i As a: result, to obtain an assurance

\

of the maximum possible degree of accuracy, it is of paramount necessityiiuut.5¥ffl:t:.”

v

that the dynamical characteristics of the platform be completely under-

l;~stood, so that a good reference point is obtained for 1ater compsrisonsa*~,

LI

Hence, it is necessary to' calculate the sensitivity of- the platform at

various locations in order to provide a basis for identifying the damage'iv oL

v,'

from changes in the vibration spectra. _’,'ﬂ: ; ﬂ"tl:}”.fff ; 1;;;'.w”~ PR
Lock and Jones [8] carried out a short feasibility study in the e

"1luse of vibration monitoring fbr assessing the structural integrity

—;tlffness) of oil production platforms, especially those constructed

:fi of steel. To achieve thia objective, experimental work was done on a

_'space frame model constructed from 3 8 m snd 1 9 cm 16 gauge steel

___.—

tubes. The model was 3 8 m long with 0 9 ‘n wide sides and weighed

46 0 kgf. Based on the results attained, they suggested that monitoring

the vibration of an oil production platform would certainly provide

.\‘ ,l.. .,,

information ‘as’ to its condition. Notwithstanding, the major stumbling

block to the success of the method would be estimating the degree of";“.

change in the natural frequency of any particular mode, since mode .

identification, m these structures, would be difficult (ibid )

WOoton et al [9] discusaed the developments that have taken
S P N

place in the use of vibration anslysis to discern structural failure,:fiiﬁﬂ'

5,fBegg and Mackenzie [7] showed that under normal circ %ﬁnces, vibrationff’.‘

" o
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i t:hat periodic assessuent from a structural integrity viewpoint, could

. . b Jad

The modes detected from the data recorded. (laterai

L . Bt
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es) from fort:e transducers at 17'

above'gater on: the structure Were used to provide a basis for a. futur
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(MEM)..of js’pectral anelysi; as" a i:owerful technique ‘-for estimating "the"

.
. "'
H $"

dyﬁami . 15 ".I".his method \yee

presented in t‘he context-: uf making..estimtes of natural frequencies and

- r
L

that MEM has demonstrated the capa‘bility of - roducing emooth high

s 5
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lution reaponse- spectrn from shbrt time. hi_' tcries of deck acceleratiou Z.f_"' :
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ecord lengths

[y .

__Also. th%‘. capel;ility to utilize short T

X3




TS

dy e

o ——— o

ICES STRUDL II c

lacions useti to

v

4513 Fourier Analyzer 2

l “jme Computer Analysis j 2

Thé mathemat‘.lcal model fo‘f the sl;ructure"

. o . e

Py

discretized lumped masaes.'.at N nod'ﬁl po:lnt\f‘;. - Such a. N degree of freedom

e < \

x g [se(.c)l 5«, {c]’[xm] * m [x(t)]

'
o,
K

forcing Eunction‘ 'vector
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c'lue is vety
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R R Ve o : SR
R caie s . i . P
; . T ) efficient when the responee of ‘a’ multidegree of freedom system is ‘ N
o by ' P L
yh L .‘ i ._H i .- o b ‘. " e ,' cf: . . N 2 .
- required However, since only the Pode shape and resonant frequencies T s
C e n were needed for the dynamic analysis, the method was not used, eo the SRR S

et

R '-'.,where p represeuts a pole** and [V], the mode shape vector. Thie expres- —-'-: '..._f

‘_nsion is substituted in equation (1 1) to result in. .0‘

[P tm + [K][V]] [v1e""4 - 101

R T T el e
K 'The exponential component never equals zero so wif:h the application

(1 3)

; of Cramer s rule,: equation (1 3) reduced to-. T
- . § . : 8
[v] = . [ l |

det(li’ [Hl + [K]])

det([P [M] + [l(]]) determimant of the mstrix of t:he system ;
*Note that the damping component is ignored for simplicity. . No'nethe- x
. less, in the c.omputer analysis, ‘it ie considered.. IR ' !

**P = o o 4 jm g where., q;-_' damping coefficient o S e

i PR

) i

damped natural frequency

( 1)’i

- »physical analyais was applied. By ¥
The Ph}’sical Analysis g




e S A non—triviel eolution is possible when the denominetor deteminant is
. “' K o ’.'1_ -"L‘. o iy ‘\," i ] I . qe e A ST o ] ]
W wmaE A equated to zero- '."3‘,:' 4 B :'. Ty TN TRy .8 O
: ". = 4 N "A' “"' - % ; ‘a '. .., -.. .
Sy T det(‘[P [u] +¢u<11) . [o] e TR SR (1 5)

When expanded the result: is a poly'nomial of the N-th degree in -terms
of the eigenvalues' P.2 for the N degree of freedom system.‘ These N roots

o = .
t ! ,\\‘

(P '§ Pg...P s are eomputer genereted, and they represept t‘he N resonaﬁt

frequencies of the structural model. o | el k. '-’-."--' L ,"”‘-"."

b Tee t e U

: - The mode shapes arc then computed 'when these eigeIIvalues are g o

. C . I i
. o Lo .

n., o

substituted in equation (1 ’3) A unique mode shape (eigenvector}‘

e T AN % Pk
results for every distinct eigenvalue._,' " s S ) ‘_:"-".“ —_—
3 2 Tl:e Experimental Analysis ,' e - ,,"=. -i -
) In the experimental Phase of this investiéati;n, the.structure )
_: --.:-.-:'_‘ ',i‘.:‘ é :"-; v wssAexcited uith an. input forc.e generated from a re;idom signal noise d

generator (more details will be' presented -in the section on Experimental

4 .

:Procedure) H The inpmt force, ab nwell as the output“ acceleretion and... e

. :' Jdisplacement wer;,erecofded, and ‘the enalyses‘performed with“t.he- Fourier . A Ja
’ A 3 y enalyzetr: Formuiations for. .the" frequency domain ainallys‘eal ere giuen as . : i;“l' ’ .“'
";‘;" '_ﬁ" “ i x(t) with knqwn maximum frequenc}; ':l.s available (i.e.,x(nAt) :Ls~ known :when e RS

T), the signaL can be converted into frequency components by

fa "'O

Py

taking the Discrete Fourier Transform (DFI) of the .signel given by" .-'.




N ;.'.. v called Fast Foui'i

a

. relate( to-.the aperiodic a:l.gnal x(t) "with max:l.mm frequency content BHz,

-" ae M n x(nde) WD

" N r . ..' .. . . \ . o , .y -
£ - . e )
. e . : ’ 4 :
- Al
L . - . * * - - M Fl

W1 ~ . ; e . g™ -
T, x(udt) WO - T R ) R
toeo, . Co - R |

~5A f = frequency resolution £ /\

= au;;at.ion of'the eigrini to;‘be invest:tgated

L f f.;',"':"'mple freciuency (f" ‘zﬁ>.\":-.;-'--" L

5 : b, .l')a.n'd ‘width or mnximmn -‘t'r'equency content of t_he aignal . P

’ 3 N‘ '1= nunber of eampies:".':. e _‘f '_ ‘ ; _ _ : - : .
sz/n e LR a0 . dam e g

er-‘ Traneform algorithm (FFT)

S D ) -';, A

‘-algori'tt‘mt: requir_es N ‘to be in the form 2k

---..-.' ‘e e _-4 =T R y / ~‘
T \ PN . L D _/-‘
N

N =:32; 64. 128' 'smm-.j e P '1._'-}':;'.-.-"'-"- .
i The DF'I.' values —‘nf E(mAf) are. periodic functions of mAf w:Lth

.'N/2' 8 : current) tem x(OA-f) -1 tb,at is, the

"; o tl"‘ .' . o s ’ {h . .' b o ...; .'T' o 3s ‘., 2".

value of the s:lgnal at~ zero frequency. o e ST
’ro obta:ln t_he undiatprted cpectrum (Fourier coeff:l.c:l.enta) :
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(i) a sample frequency f < 2B.1is selected (At = l/f ) i

(ii) a proper data block length is dgelected such t:hat' F .

. - ' . T ™ Nx At oA | : .“ . % . T y
1 R N ; i, : ,e N , i - .
. ’ = Nx T >T -« ) X ‘ . L
. g g ) ‘ ; ) o e
N N . oo ) d N » - .. .
L - Af = 1/T : :
o R ' - . . . .
._.? - e, IIN_'At v I aa '_‘ ‘- ) . ' .
DY = o . ' T . p
:‘ . > ) 3 ". L] e N, Y ,
ol G e W, e = R T
R '.' R A 3 s st

The acquired aspectrum can e modified the frequency domain by multi- "

D .
Lt . ot . v

l—"

plying by -another spectruﬁg‘ “This operation\ie equivalem: to signa

gl DRt . - 1 '.:
f:lfltering. o g LI e
e To determine the relationahip between the input and output .
g ., n ol 4 "--: ok B “1‘ '., . E .
R s;Lgnal to and from the etructure, the transfer function, coherence ‘
“‘“-‘-‘ 5 .—: .. -:3,." ; “ i 1 ,.' “‘. “ 4 g ZIS . . P N . . ‘ PR , . .o
i .t ) function a‘nd phase function are required . . C
I PR '_'."’ P '.n‘L-,_ i R o " T
Tranéfer Function. . ;R e = . Tyl . ol i ¥ g

g This f\mction represents a mathematical description of the R R

8 o TR e, R . y i Cn i
syatem rand is used to measure the relationship between two signals._ Tt - L
is defined ag; j: PR ':_;.ai ;-. e T AT '-'- P LT Ty g
. + “'-‘ N '_"_. »: e ".' ’»‘. ': ,'- ’ '-"‘A'." "- - -""'... . S
T E k. g ~~"1,._ D 0 T allc
C ol ’ ourier Tranaform of Outgu - T T _f":'_ B I
:.'Trans'fer fdnction ] Fourier Transform of Input EERE (110) LY i 4
'-' il H(f) = Y(f)/x(f) Rt L P
“vhere: hE i E e S

1 Y(f)\ :H.Fourier tra.nsform of ‘output responae
' Pourier traneform of input signal
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Coherence. Fun‘ction':. ’ : I " ; 1 o
A coherence function measures the degree of causality between ¥ -

- * any 'tw,o#‘éignala. It can, therefore, be ueed to- check the validity of v .
4 ‘t"he tr'ansfern fu"nction. .'When @ tranefer function’ ie' computed, extraneous {
. . o O 4l s - & . ‘it .

o - 1npute or whether or not the- system 18 linear may not be too evident. » )
i . s v IR o - . R r. . -

‘func-t'ion 3

. e

- .-'

. extraneous inputs and/o:: athe ~eystem is non—linear;
S : u B

g .
i K L] '~ J “ R ."

and 8 11near ey_stem.‘ The mathematical. relationehip used td calculete
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The Fourier T:ransform relationship between the auto éorrelation
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4 . . r

function R(r) and the powe.r epectrum G(f) 15 given by.

t;he coherence function is expressed ass e e g e W

o vihere:® S i o _ S T .
P— A ) i i - - , I" + - N - 4 » = ( '
: : REEEA |- (f)luz-. =- 8q are of the magnitucie of . the cross spectrum
B A O ‘(power apectrum) R T s
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“R(nAE) '+ F-TRCE) X(thnag) -
. "‘-:. R h-.' ':h-"&".' % = .
lw = L _'.f
g L ;";x(t) x(t+k)‘

0<t<N—1 coT ,‘
t>N—1 . D=

K] H t et - G o0 'v., .

R e g 7. . then, the,spectral dens:tty (power spectrum) ?.s eat:l.matecl for.-the f:l.rst:..
:'.i :‘k. ‘,-‘.. ;— —! . ‘.,‘.‘ : - :. ; “':-’. ‘."-‘: ,..:‘ . :' Lo -‘ : "‘ » . i'. N . p -
}» G(f) = At z R('rﬁmAt)"

Do fgmamos ¢ 4,

wroe

’ - = N R ., 9 N N I . | :
i ‘ '!' ’ ) & . ." . &2 "' .. . :", . ,‘ . . " ', 4 13.. ' . :- -
wheré: . = . . . ' -y
- K T = time lag between. sample values - - _ - - § . i W B ’
. = Nevertheleaa, _ for numerical purposes, the auto-correlation funct::lon can ; Lo =
) . . be estimated at discrete lags R('c = mAt) is’ given by.. P N R -

g {:fd;.
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TV ANALYTICAL STUDY Sl T e

“"4-.1 Structure to be Analyzed . : N 'f. , ' .‘"‘ ’
The structure analyzed was a space frame model of an offshore <:-4l?~ T
PR tDWer which had the dimensions depicted in Figure 1:0. ¢ | The, following N N I

Area.

' Homent of Inertia abbut the
local y—axis (I )

o 0L8607%em L o

) Mament of Inertia about the
-:'local z-axia (I )

) 172.14(:1::14 T

“Section modulul about the
- local y—axis (S ) '

R e .

'Polar moment: of inertia (J)

ot

A g Section modulus about the
lac,al z-axis (S )




- ET RS “' ’deck 1eve1 to decreaae the fundamental frequency in order t:o facilit:ate
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F ‘.. .A':.A, S -.".'_‘.‘ . _'»..”v . :'n . ':‘_.. Lo -‘ : : o
.“'- - Lo o '.."..,' s lumped mass. o RS RO .
. 4 . . ,~ ., : Ve .

LS

the recognition of the various modes in the exper:hnental phsse. : 'Ihie

,'."." T * ""'ties of the deck members (45 to 60) proportignal to the weight of the

T U S I P ,
P - L FREE
4’ ""{'.‘ o .-.-: ' K . .l B o ' h : -. B
T - '4,'2'.‘ Anslycicsl Procedure S '
: f The analyses of the structure were obtained using the three o
3 .t .‘ ' ‘ . N L
L ' ._-‘dimensional frame analysis computer program ICES STRUDL II. F:Lgure 1 1
v e B '( NN .
' k o shows a flow diagram of the analyses. To simulate a rigid deck the ‘
L '~. A properties (A ," y I it I ) of the deck members (61 to 64) were adjusted
U e }t waa felt that it would not have been possible to excite the higher
' j:-‘l' modes (o.g. 5 an sway) to any noticeable magnitudes throug'nout the
v x:“; . T % . 't-f o .
experimental phas._ bf this investigation. - As a result,,_ 1umped masses -,
were placed at the eight nodal points two_levels from the deck level
: (l 826 kg per node) in order to decrease the vibration frequencies at
b which these modes could be excit,ed *** This was achieved in the
_ r" ; : computer analyses by increasing the specific densities of member 83, 86,
: . 89 and 92 (Figure 1% 2) proportional to the added massea at both ends of '
"‘;i:»'each of tbese members. Since the addition of lumped masses would .
i 5 'decrease the higher frequencies, 14 60 kg of mass wete added at the ’

-

‘:;‘,'was achieved in the computer enalyses by increasing the specific densi— - ‘ L
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3 Ll "’: ] f“ A finite element model was ueed o perform the ana;!.yses. ’I'he oy
S s T o method :I.s eummar:lzed as followa‘.'- 1 M 5% ToF S

n o b . o .o A y R 3 g et B e ' B, |

s | T T ¢ T Lo

A . Discretize the structure (4., e-. subdiVide the 8“’““““ 1“t° ol

: componeﬁts) » =. . .-- .I. R by .. .A: o . i .-‘ et -._.. pl ;"I‘. ! _', .

e e Select an iuterpolation funct:Lon which represents t:he asnumed
number of degrees of freedom o Gpaen S0

s ...‘

e
v

1nigure1.3. degreee of freedom were asaumed, .that L ¥ e
is, thre " t'rd ns}ational and three ggtatiohal degrees 'of freedom.- Thua, &

vy [ ¥ S .

for each structural member,‘a total of twelve degrees- of freedom were :
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be used to.:

g to rexc:lte and 1dent1fy'th_e modes of v:l'bration of tﬁ‘e“'st'::ructure.

.. 1'

polyvinyl chloride (P V C,

. --' . - t
g ‘;'.

.
. N

2 54‘cm thick* (see F:I.gu_rc 1 7 aq lFigu're .1 8)
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The dynam:tc testing of the experimental model :Ls discussed in N B . T
this section. ] Dynam:lc testing 13 extremely advantageous because it: ca.n Lot g we T L .
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.at the -nodea v;ith a P V C. weld. A phogograph of tl';e ~entire arran‘.g‘-elmel;tﬂ . i,
1; i)reserzlted :ln Figure 1. 12., - .' L B K ':I o :.:- ‘ a8 ; .
5 .2... Equipment Installation ' . d ‘ ': W '. . "-..-, L §
‘ E.;cc'i:t“ation Circu:l.l:' , . ‘n he :4
g Random noi;e w;aa ‘generated ftggn a d:lgital nc;liseﬂgenerator wt;ic ) 3
"‘produ;:eld e;.low pasa f'ilt:er‘ed‘noise having a Ga;x;;i;r; amplit'ude d’i‘.'st.ri- .‘ 11 ’.": ; g
bution wit.‘l;‘z;‘s“el;.;:ted naximum frequency c(/tent. o The aignal waa pa'sae W €1 |
: " RN .
"ﬁ' \ The ahak.er w‘as'suspended ftom 8 steal- beam with opes It was _
connec:t(ed to ‘an mp;gance head which was attached to" t:he deck: 'of t‘heﬂ B '
.towe as'&-et;n;mstrated 1n Figure 1 11. This'iz;q;e:lance head is a force £ ,
.g;uge.:ar.\é ;'c;celﬂerc;met’er._ 'Thereforé,"it meqsured?:;thea:.[‘*.np;lt force an& o
Pout'put accglc'ar;;i:;tl‘_ at the point of appl:lc;tion ‘o'f th:c;. inx;ul: randon; H '..::'
; Tootmelli TP ol : p :”: RN
""__",'f . Thesa s:lgnals ftom the inq)edance head. (i “’-', oy , '
‘. ;tian) ‘(«;re pas;d throix'gltn' conditioning amplif:lers \{here they .wefe i .:."' .. ' .

From these devﬂ:es, the signals ware pasaed

P A

"‘amplified and cal;l.brated., !
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‘ L converter., This instrument detects changes in capacitance and outputs

independently with a proximity transducer. This ‘18 a- non—contacting
, ment :I.s requirsd (Figures 1 13 and 1 14)

the information as a voltage‘ l.”-'j._ - (

N

e i‘l""‘ - ,:A. l - o
to measure the input force and the output acceleration. L

" the experimental results in the first stage (i é., - without the added

. From the reactance converter, the signal was passed through a:i

53 Experimental Procedure , wen : o

and displacement signals were recorded.

‘

device which measures the change in capacitance between the electrode, )
. and ‘a metal plate attached to the tower at- the point where the displace—' LT

) From the transducer the signal ‘was- passed through a reactance

'{. ‘-v' - .?~

‘ . v . - B B
L . - e W e

R

-:.

Rock‘l.and filter which was used as ‘a 1ow-pass filter, and, consequently, ;

e

to the 4-—channe1 F M. tape recorder.'.

"'For diagrams af the entire equip- S o i

ment installation, refer to Figures 1 15 (A) and 1 IS(B) . “.3'

e . . : - o o T < R AR L .

o

The experiments, were conducted in two stages. In the initial L

.

a g AN, Gl Mgt A e

'
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e N et

wot . e . R R
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stage, the modeI ‘was’ excited without the 1umped nrasses at the nodal

. !‘ e BN . ) . Lo
points and deck. Thia was done to ascertain whether the dynamic SRR A

behavior of the experimental and theoretical model corresponded reason—.

ably, without the 1umped m.asses. It was only necessary,_ at this stage, o

s

Sen

In t:he second stage, the 1um;aed masses were added as previously

described in section 4 2 (see Figure 1, 16) These added masses were

implemented because the higher re.sonant frequencies of the structure were

never apparent to any reasonahle amplitude on the transfer function for ~,l

- o

masses') For the second condition, the input force, output acceleration fa




L

i member uhder conaideration (member 91) wae severed in three stages..-, . :f )

I

‘ "‘. meut were recorded.{ It ehould be aeknowledged that in the final stage,

' of the input force, and the output displhcement.. For reference pur-'-
:poses, the four corners of the deck of the model were denoted A, B C, e
R and D. - For instance, one arrangement wae‘ the ahaker at location A end

';‘.'-the displacement measured at location D in a direction parallel or

: ;shnker. . These different conf iguretions were cerr:Led out, so that the

the shaker applyiug a, force, 1.n' the z-directiou midway between A and B, ‘ L

at that same joint. -In so doing, the etiffnese of the structure wae ""}..'.-.
e L~

X member “wag seVered completely at the other node (node 13) At each of

the member was removed 5 Thus, the mase

'l‘o arrive at the best poaoible position of the tran$ducers i

G " telL

_'experiments were conducted with different combinatione of the locations RN -

. v . . "
:'.~. e -.’,~‘ L

" .
b

and the disp\lacement meaaured at G in the direction perpendicular to

the 1ine of ac:tion of the applied force (see Figure 1 17)

With the proper poeition,of the transducers determ:f.ned the

L% .

,;

Initially, an incieion waa made halfWay through the member at node 23. f g

L

(see F:Lgure 1 3) to establish if there would be any obvious change in R 1. )

the tra.nsfer function.x Secondly, the member wae cut all the way through

-

r .

R S

these failure stagee, the input force, output acceleration and dispiace—

-::

,of the structute was_reduced by




.....

-t

SRR of numbers (digite) snd then stored them on, digital tape. These atored .....

‘{ signals were the-n "dumped" into the memory of the computer. From then

parameters. o
Cy

L

. to represent a particular signal depende on the aize of the data block T
L ' i »
s selected Once the sample records have been selected, the Fourier

analyzer treats each record as periodic signals. HOWever, to reduce L

T ’ .
L cients separately by making t;he reeolution Af 1/T :Ln the frequency
- domain. ; At eacrh recolution, the Fourier ccefficieuts are computed.

Note that each coefficient behaves as,a random variable’

b converter .

‘v". uaing the F F T. algorithm the _computer calculates the Fourier coeffi- A P

) ‘_.-~ “ = o _,.‘

in the plane parallel to the previcus severed member was removed (member

84) in an analogous manner ag rthe firat member, and the eeeential s R '._- ©

measurements repeated. a

5 4 Analyses via Fourier Analyzer

This component converted the analog .ignale into a sequence

. - \,,\A

on.w‘erde, the Fourier analyaes were perfurmed to determine the modal

C e o . ot S L . A [P

!

Digitdl signals are stored in the memory of the computer in

e "

blocks of data (sample records) The number of aample records required e A

S,

. K »4\,A x B

.
Coa

the leake.ge between two harmonic signa.le, a Hann window ie used. By

R R ¢

For inetence,

BT S U




CERN 3

:I.f the power-,spectrum of the random ‘s:l.gnal x(t) ia required,

o (TS

the Fourier analyzer treats the sample :eééfd

the power spectrum is composed..of an,

purpoaes,' the spectrung appears as“a"cont:l.nuous plot begause the graphﬂ.'“

capability of the co;nputer'allowﬂ--the user..to join neighbouring po:'.nts. s

1.
P e

the frequency resolution chosen. the mor_e

.,r .

accqrate w:l.ll be the frequency

A synops:l.s in flow chari:‘f.o

.

s
7

m of the ent:l.‘re experi—~.
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—34 could be maximized.

were computed. By comparing the angular rotations of the nodal points

' In-this section; the theoretical (computer analyses) and . experi-

. mental results are presented. It should be rememberednthat in the

experimental analyses, only- two members were cut off to represent damage'

w
- - . -

of these members because .once, a member was severed it could notebe

simulate damage of%those members.ﬁ This was execujed'in order to indi—73;1-“f

Y

l.,- . . M N . [ . . .
‘ v ) . - -

6:l. Theoretical Reaults e ool

'0. o . A - '.". R

A4 v

Calculated natural freqmencieb for the intact and damage struc—

.‘,_. ) \Au-' e ..

ture are presented in Table 1.0. Only eight natural frequencies were

.

"-" computed because it was felt that it would have been-very unlikely to ; :f. -

“\_‘ -‘u. . ‘,,‘9‘_0.

excite more resonant frequencies experimentally. gi:.'mi,"ﬁ”, . f";i:‘ﬂff';

, . . ,' R " ., ..
i 4.' :

For simplicity, only the frequencies of the damage structure *gﬁ:{

: R v .

ok N -~ .

. with member 91, and members 91'and 84 are givenrl This was done,so that ;;i{;'

- Vs
* P H :

the comparison‘hetween experiment and theory could be easily demon—;t' ?FT"

" I . b RS . . B
P RO RPN LR e L - P

strated.

KN .,
.|'.-,.

. (. ‘s

mode from the computer program results .With each mode angular rotation

T ; .. L K --ilnf

:about the x, y, and z axes corresponding to the nodesinfgthe structure -‘iv;i

N o e

. . pe S ' T e o
- : e e e
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was .

-was defined from the eigenvector information from the. computer results.
“These,eigenvectors provided information of the normalized displacements
h in the x, Y, and z directions. Therefore, with the predominant direc— '
ﬂ;tion of" sway and the elements of the eigenvectors available the mode »l .
f*ahapes w:'e plotted for the nodea located along the four vertical edges .~i :
fff?i'of the.s: B g
‘ l,;;mode 8 as well as the angular rotatious associated with each nodal
-:point’ The mode shape along the four vertical edges of the structure fﬁf<e‘*f‘;i;~f{;
‘ﬁ for: mode 8 are depicted in Figures 2 l(A) to 2 l(D). Alao, the mode g:

"shapea for mode 4 before and after damage are ahown in Figures 2 2(A),

;plotted using'a cubic spline:interpolation and polynomial approximation |
-with the necessary boundary conditions, for instance, at’ the baae of

'tthe structure ‘the-. slope of the polynomial, in addition to the displace- L
lment function represented by the polynomial, Were set equal to zero to N

7>}aimulate a fixed foundation.- Ihe data were plotted via a Fortran program iw“_“.

a using the various plotting subroutines ‘on .a P D P. 1160 computer. Q,f‘“

i.»various failure conditions of interest., In other words, for each
‘li'f'member(s) severed analytically, the type of sway or torsional mode'was

;zfqdetermined. /ﬁith'the oscillation frequencies of the undamaged structure{ ;:

'%flaa.a baae line'(reference point), the percentage changea in natural i

“--fdfrequencies due to, the effect of the damaged (cut-off) member(a) were'lf"”

3'j'computed for each mode, and the results tabulated in Table 1 2

25

axes,'the predominant‘sway or twist about a particular axis was verified.,a

Having. establiahed'the direction, the type of sway:jﬁue.,‘lst 2nd, etc.)_:

4

R

.,

'cture.- Table 1 1 ahows the elements of the eigenvector for.?u{'

"
Ty

§

(B), (C), (D) to 2. 8 (A), (B), (C), (D) the that these curves were :

A Y
4ox

a0 e e

w® ~'-‘ . D s ' \:. ‘
This technique fOr mode ahape detection was repeated for the ;@5-"‘

.

1 -

L

- : .'|. ree
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s member(s), could be easily recognized

S R .

3
.

d.2; Experimental Results - : ' R

L Graphical outputs of the Experimental results are presented for.'

- the input force and the output acceleration at the point of appli-
cation of the. input random force (i e., 1ocated midway between
points A and B at the deck) y

"\‘- the output displacement from the reactance converter (i e., the
non-contacting device) located at point D at the deck

Acceleration Signala.~

—

ot : % ‘»-',-

';. The results cdnsist of the frequency domain analyses of the R

input and output, transfer functions, coherence functions and phasel‘fjllf”"‘

functions (see Figures 3 0 to 3 13).~'j ‘ St e

e

tions for the intact and damaged structure are presented in the manner -

shown in Figures 3 9 to 3 13 in order that the percentage shift of the g

resonant frequencies resulting from the effects of the severed

P oy
»

T Note that the impedance head (i e., the force gauge and accelerom—

~~

eter ) is 1imited for‘frequencies less than or equal to 1 5 Hg Hence g
the signals within that range on the plotted results are meaningless.++_d:‘-'”

Mbreover, it will be noticed that in the acceleration results, the ‘

w’,‘

graphs for the undamaged structure extends farther in the frequency

spectrum than those of the damaged structure. This occurs because the

*

experiments on the intact structure were done at a much earlier date

LY., : e >

— N a

A sine 3weep test was performed with the impedance head attached to

the shaker.: The " input force and the ‘output acceleration were examined

.on _an. oscilloscope. At frequencies from 0 to 1, 5 Hz, there was dis-
‘. tortion—-non-linearity due to noise. ' . s '

-3

For the purpoae of eaey comparison, plots of the transfer func- RN

:

a8

e
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1 ; . ' 27 .
» - ~ SR
than those for the damaged strucxure, and, when the Fourier analyses e o
were Berformed, a slightly larger freQuency resolution (Af) was chosen.
In all cases, however, -the data b10ck sizes are the same.l . g ) L
L Displacement Signals. e ;'.“ B o .”ti j‘ﬂ ) f . »

T,Q section 5 3,,the analyses of the structure without lumped masses were

’7: nOt performed

The displacement results from the reactance converter are

- '.- " .‘.'1'4 P
e 5 Lo .

presented in an analogous manner as the acceleration results»in Figuree"“

3,

AL

4 0 td 4 10., It should be realized that, or reasons mentioned in 'z.:'

'
' ‘e

i - i, B Lo

is a relationship between the input force and the output displacement,

.
¢ .

the signals from 0 to 1 5 Hz inclusive are meaningless,'as a. consequence

'.' . ;, “ ~

of the limitations of the impedance head.

Furthermore, since‘the transfer function, in this case,f,n'n .
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3 t T s For all the simulated damaged conditi,one chosen, the mode ieaet affected ':.

R . 3

e, ~. An exemination' of the reeulte tabulated in Ta‘ble l 0 indicates LT

298 e .

- . o . ah 1
. P e .

For instance,* mode 1 changed

_ture did decrease the réeqnant frequenciee.

A e
. ¢
It 3 ,n e

from,6 67 Hz to 2 77 Hz Also, mode 4 changed from 16 97.!iz. Ito 11.?2' z

. i '=' The percentage changee in .natural frequencies due to dameée; .aé-
T ~" .';:,' ." , ,--.‘..' ‘-l “_ | .., ._ ~." “
ehown in Table 1 2 reveals -t:hat the mode most affected was the 2nd sway

Furthermore, wherj;ftwo memb.ersl wereusevered '-the modeimost effecced ~was,_ S
":...“:RF ; ; agai-n; the 2nd ewaY mode (l:I ) ‘Fot e;temple, ,tﬁo"d]:imit;ation of: membere ‘
* - ‘, N Y ' 79 and 76 ceused'a" teduction i the teet;nant .frequency of 58 132' % .
a | gt ‘Be.‘.'i.‘.’é"' th;’reeov‘alnof members 91°and, 84 c;;,.;e'a‘; 'de'c.rg‘ase of '50. 602.‘ = |

B et W g s £ . i

i , -‘ ‘. was the 1st sway mode (H ) The lst torsiooer mode (My), ds We'll as’ .
. "'- y the ‘l'.st sway mode (M ), w,ere lee.et' affected when oniy one'memhet was.”-.. “’.,"_.4 ". ‘,',
& >~ .el:lminated from the computer enalysee-.'. Note that the decreese of 15 16% . e
irrx-‘the lst suey ‘l—node (M ), resulting ‘from the remo\lval‘of Imembers '91 and £y ‘ r
; _‘" 8.4, may heve, occurred because theee memher:s}\'were ioeated in"a.‘vertieal :': r f
N Sml-‘fal‘-e” 31°n8 the direction of .bendimg ‘for ’Ithat mode. j .. - ... - '. o 4
' ':I'h‘e motidn of the iot'a::t.a'ud damagcd structureﬂdurin.g its.anj“.. . '
‘ I‘ Asway mode (l{') are repre‘ser:tedvby the. plotted mode 's‘h‘aiae's ‘(e'i‘genvecter"s‘)? " ) I
et :'z 2(A) i (nr,,,«:j f(D)'" "o'2_ 3B, '<c'>. 0. hotepnag, 5T

‘ N when member 91‘ is. removed,- the dispiecemeut in the z-direction ‘of the ; )

sy %

vertical eurf,ece, where the member was Ioca,f:ed is' large compered to

Theoreticel Results- . ' g Y

P B - that, as was to he expected the addition of lumped masses to the’ struc-‘- AT RN
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. ,“ ; , _..“\; S “,\ : .; '
the opposite and parsllei surface (Eigures 2. 4(A), (B) and 2 4(0), (D))
This resulted beeause the removal of member 91 caused a change in the
(‘;i‘:ﬁ'structural symmetry ss far as stiffness and mass are - concerned. This
7i;'statement may be supported by the fact that before member 91 was
.severed the displseement of the structure as shown in Figures 2 S(A),:

! 1"::‘ SN (n) v (c)

~(D) were unidirectional along the x—axis., 0n the other haud

e

_{'with the elimination of member 91, the same vertical surfaces moved

(A), (B). (C), (D))

ﬂWhen member 91 and.844were seVered the z—direetion displacements~are

-

';falong opposite senses in the.x—direction (Figures

- lsrge for the two parsllel vertical surfaces where these members were

:

:”the symmetry of the structure was restored In other words, though the

L “Tx'o,"stiffness and mass were decreased these parameters were more evenly
. distributed than in the case where member 91 was removed‘, Figures Tf

A

“7“2 B(A) (B), (C), (D) indicate that when member 84 is severed the ,

.'.__.

7 'h?fgthe positive x—direction 8

:'f{oppOsite and parallel (i e., containing nodes 7 and 9), the displscement

s

S ‘is in the negative x—direction. These configurstions sre opposite to

:‘fﬁfthose when member 91 is severed Therefore, the net result, when both

e ‘..!. e

95{members (91 end 84) are removed is a cancellation effect.; This explains

;"iwhy the displacement in the x-direetion is extremely small when members

591 and 84 were severed (Figures 2. 7(A) (B), (C), (D))

L UV I .2 A .

i}fi'to the stiffness for the 2nd sway mode (M )

As a result, when the

A TR

B A

: P
I

”"loeated (Figures 2 6(A), (B), (C), (D)) This, therefore, suggested that

wﬂdisplacement of the vertical surface containing nodes 5 and 11 is in :,g,;""7~"5

On the other hsnd on the vertical surfaee :"ft;g




FRSORTI N SOy ) kg)

- 'l', — 'f,the frequenc; at’ which this mode could be excited was reduced. _ i
o 2((H‘ : Ei‘ff ﬁ{ Z’, This reduction in, stiffness‘could be explained -as follows. The
L ” deformation of the strueture during‘hending reaults from shear displace-fiﬁ
5; 5: ) ‘ff%;ﬂ}:“:[ ment in the panels (i e., the regions containing the diagonal memhere) 8
.EA "'As a c0nsequence, when member 91 or 84 ie severed the neighbouriné
! ”:;k—braced member cannot transmit direct loedknithout the horizontalh:v
i el RO AN . R RN iy

member, to which it' 8 attached, undergoing primary bending.ﬁ This' :

implies that—'he companion hrace is virtually inactive, so'theAs'ear

3 ", -

stiffnes‘ of- the panel ia grestly reducedg

.,A

‘.
«.,,, iy . « . -

:}the mass of the individual structural members is smsll (e.g., member ‘

:'

Thus, the effect from a reduction in mass would be

i minimal

% ""k-"

__lymped masses (Figure 3 2)

PR due to a reduction in stiffness rather than a. reduction in mass, because "
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”f"f} uf;;'} - the lst torsional mode (M )

increased to more recognizable magnitudes. The decrease in- frequenoies

";Q.'-'ﬁ occurred because of the added masses. Frequency is inversely propor—

were reduced.i Further, the increase in tbe amplitudes of the peaks

s

N -

3»;fi?3,j,f was improved.“.;.'A'

Mbmber 91 Severed., - .a%"

Dl e 7 'nu_
. . . »
:

K

The first occurs at approximately 2 9 ﬂz, the secoud at about~4 2 Hz

'ﬁ and;the third ‘at about 9 8 Hz-(Figure 3 3) It can be recalled that it

TR was verified based on the computer analyses, that the mode most

. ‘b.‘ . 4*1-.. ,. -_1 3 v . . q\' " " A

'f affected after the structure underwent damage,.was the 2nd sway mode

boona -
e B

.f} f" 'sa:f g before any shift occurred, would be the 2nd sway mode (M ) In the

experimental analyses, the frequency most affected by the removal of

1
a

member 91 occurs ‘at’ 9 8 Hz This means that the 2nd sway mode (M ) of

Y-
e e e . >

lst sway mode (M ), and the Ee gnant peak at 4 2 HZ-is comparable to

When an incision was made halfway through member 91 at node 23

tional to mass, therefore, by adding masses,‘the vibration frequenciest?

Il

individual members.- This made the structure more susceptible to the _i,if

Ji resulted because the addition of masses caused an induced strain inrthe -

the s:\heture is excited st thatxfrequency (9 8 HZ) Accbrdingly, it\';; i

"\'3;7'1s5’;‘can be inferred that the‘gesonant peak.at 2 88 Hz corresponds to the SR

'J}]}'“’applied random force.. That is, the mechanical mobility of the structure v' S

For the intact structure three points of resonance are apparent.DN“':

L1

(M ) From this verification, it seems palpable to aasume that if thia £h4

4 trend were repeated on the transfer functions in the experimental 17f;~13
results for a particular resonant peak, the frequency at that point,

TN




o

R Y — .

1f removal of 8 damping effect which was produced by member 91 vibrating

L t_ 2nd sway mode (M )

he “2nd sway mode (M ) shifted fnom 9 8 Hz to 8.9 Hz, ‘a 9 2% decrease.

~:L This resulted because the crack had a significant effect on the bending

and axial stiffness of the member.. No appreciable shifts occurred in

v

the other resonant frequencies because the stiffness of the panel con-: ffu

l: - )

. taining member 91 Was only slightly reduced By cutting“off member 91

"fﬁ}T at node 23 the 2nd sway mode shifted to about 7 8 Hz, s decrease of

o,

Y,

Tfshear stiffness of the panel was: reduced appreciably, while the mass of

the structure remained virtually unchanged. After member 91 was

22 764 (Figure 3 11) This further reductiou was possibly due to the

,’..

..

unattached at node 23 while being fixed at the other node. This .pi'd‘u'

T

mode is sharper when the member is removed than when it was severed only

at node 23 (Figures 3 10 and 3 11) o

The 8 37 shift (2 88 Hz to 2 64 Hz) in the lst sway mode (M )

.

4 T was due to a reduction in sheer stiffness caused by the removal of

: :;f thet the relative shear stiffness betWeen levels immediately above and

1+

below a dsmaged panel is reduced by’more than one—half Since the top

panel does not hsVe 1arge inclined members, 1ts shear stiffness is much

,*5 less thau that of the other panels.. Besides, the mass of the deck is

WAL

nant frequencynof“the 15t sway mode (M ) ia smaller than that of the

.:“

32

20 417 (Figure 3 10) This results because, at this failure stage, th'5¥’

remoVed the an sway mode (M ) shifted to about 7 57 Hz s decrease of ﬂf¥~";

assumption may be supported by observing thst the peak of the 2nd sway ;"'

:’;' member 91. Computations catried out by Loland et al [5] hBVe indicated -

large comparsd to the rest of the structure so the reduction in reso— 75_'

-
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' stiffness. On the other hand in torsion, all four panels contribut“'_"_": "

Ty

w,to the shear stiffness., 'I‘he low amplitude results, because the impe-— a RERRRC IS
a" : PR ,.!‘% Ll ea »’:-' s !'.’ v

Members 91 and 84 Severed'. T,

i,

133

By cutting off member 91 at node 23, the lst torsional_mode (H )

decreased by 42 (Figure 3 10) At that frequency, the amplitude of the -

peak on’ the transfer function is reduced . When the member oy removed,- p Qy

I

the amplitude of the peak disappears.

The reduction in frequency is due to a reduction in shear stiff—',-“;: :

. P
I

ness. ‘For bending in one plane, only two panels contribute to the shear

dance head measures only the z-direction acceleration component of the

. .«_ o, B

lst torsional mode (Hy) Furthermore becauae of the location of the R

impedance head (between location A and B on- the deck), .the measured ER

accelerstion at that position would be Smaller than that measured at

the corners of the deck. 'l’his statement will be exemplified when the ia

displacement results at the corner of the deck are discussed.

T d .o . ‘\‘.. . A - B
‘;u. : Voot ., : .
Sy I
B T t
. o

ry B e " N .-'. '4'. > L

When members 91 and 84 ‘are severed the excitation frequency of

the lst sway node (M ) decreased““by 317 (2 88 Hz - 2 0 Hz) This large .

[N

change could have resulted because the panel above these damaged members

may have lost much more shear stiffness for reasons discussed pre-' SRR

Pa

v .' viously. Member 84 contributed to the shear stiffnes- for bending

in the y-—z plane. For this reason, by removing it a reduction in the

shear stiffness occurred This contributed to the decrease of the

r

exc:l.tation frequency of the 2nd sway mode (M ) to '7 sz,_ a' 29% decrease

a T, T . R TIN

oo

'At’ this stage, the effect of - ‘the': 1umped mass at the deck has 8 greatervf N
influence on the mechanical mobility of the structure at the top ’
panel.--‘ . o PR RS R

=
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i ot e e s e i a8,
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A ’;;~ removed (Figure 3 13)

g

"fii; fz;é 2. Displacement Results

:”:lture is a combination of a z-direction component (i.e., in the direction

’g

;Tof the applied furce) which is measured with the impedance head, and a o

o A, ; R
‘ : Ty , L ‘ wole o e
N ) P . N e
- s
N -
1 ‘ L }
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(Figure 3, 13),and explains why the ncw resonsnt peak at approximately C . .i:~
8 Hz appears. Based on the computer analyses, that resonant peak is :::-:; , [l

comparable to the 3rd sway mode (M e The peak of‘tﬁ‘”lst torsional

g mode (H ) is apparent at about 3 25 Hz, when member 84 is severed at R ,-‘A RERS Hff.fiz

. o,

node 31 Though,the case‘may be such for reasons presented esrlier.‘;'

the peak of the lst torsional mode disappears after the member was

[

It should be stated that, as a consequence of the complexity of

: the structure with respect to stiffness, the resonant frequency for a”

4 N

particular mode is coupled that is, the horizontal motion of the struc-‘
L )

.x-direction component meaSured with the reactance converter. Since the ;
'7structure may not be perfectly symmetrical both frequency components s ;ﬁ“:j lhf” LZ
A-'Tmay not, necessarily, be equal.- Thus, it should be understood in this ':_ g

o discussion that frequency, unless otherwise steted, refers to the };f{g'f,

-j damaged members can be attributed to a. redUction in shear stiffness as e ;éfi'§t

...,;h

x—direction component Qf the particular mode being considered. So the

percentage changes in natural frequencies, due to the effect of the ';ji

discussed previously. 'i&":i;'gi-?j 'ff:‘f- ’ '{ ai; ;L’nk;ijl'-‘ :
’ Q-.; The displacement results were measured iu the manner indicated )

' in order to check the validity of the acceleration results and to give

K

further indication of the location and types of resonant peaks involved.l g

This was, particularly, effective in the detection of the lst sway




' transfer function (Figure'430), a result of the location of the reac—'A;

: tance converter.' This supports the statement made earlier (acceleration '

An examination of the summsrized results-—Tahle 1 4(A) and
1 4(B)—-as well as” the actual results for the diSplacement signals :‘f S

(Figures 4 0 to 4 10) indicates similar trends as. those from the accel—

. . ..‘_ . S
T : i St cor = ‘»,'\,.,

eration results. For instance, three disrinct peaks sre apparent on

the transfer function for the intact structure.. It can be observed thath

L

l.
,u:.

results discussion) that the x—direction horizontal component at the {-

N

'ﬁﬁﬁ"corner of the deck during torsion, is larger in magnitude than the Z\ ﬁtfl;.fﬁ

AN L

- —direction horizontal component measured with the impedance head

..~ y.

Py - L '&..'

between the 1ocations designated A and B.._

When member 91 was cut half—way st node 23 the 1st torsional

-

‘c.

“ICT- decrease (9 32 Hz;.

the remaining failure stages, the regions on the tranafer functions AR

the meaeured response power was not caused by the input power.. That is,

because some extraneous noise source is cohtributing to the output

'; mode (M ) shifted from 4t0;Hz to 3 73 Hz a 6 752 decrease (Figure 4 6)

There is no appreciable change in the lst sway mode (M ) but a 1 57

9. 11 HZ) occurred in the 2nd sWay mods (M ) For

where the lst torsional mode would possibly be lngted appean very

distorted—-non—linear motion. Furthermore, the coherences in these

regions are almost zero (Figures 4 2 to 4 5) This illustrates that

i the measured response power~is greater than the measured input power, *': c L

power.‘ Thus, the coherence functions are less than one (yet slightly
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'power. For this reason, the values tabulated in Table' 1. 4(A) for the L

‘ . £ R .\, > e e

let toreiona], mode where specified were obtained from the output dis— ik

'

A 17 402 decrease resulted in the 2nd sw

" .x,"

N “91 was removed CFigure 4\.8)

s ,. gt

'-. 'peaks (two close peaks steming from a 'single mo,de)

et Ao
L I3 ' T o .
o >

- A possible explanation is a non—linear interaction ae s.

result of the indeterminate connection between the plywood deck snd the

T “Finally, it‘ should,‘be mentioned that the. input—spectr,a (Figure

ox ;.. B

8 flat\input spectrum, except -for’ the filter roli—off. Actually,'the "

." ¢.

structure :Ls excited (as seen in the diagrams referr«.d to before) with -

o

4 L i

, s dk&erent spectrum. because' of the impedance m:lsmtch betveen the

*7 3., J Couparison Between Experimeutal and Theoreticul Results i

4 N -n‘,,,_. o
3 Ve

4, "-.‘

For the purpose: of this comparison, only the acceleration a
k) . e _‘_
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out to. check the validity “of - the acceleration reagzlts‘\ e

There are aimila.r otrends between theory (STRU'DL computer ' °

analysea) and the experim.ental study. For instance, the theoretical

S~ 2

dynamic analysis of the structure without added lumped massea indicatea K

a fundamental mode of approximately 6 67 Hz, w;hich is identical with
the experimental results. However, when J.umped massea were aﬁblied

-.l", u,- '~... " d R b . [ s
diacrepancies resulted aa shown in the following results.

“No: Added 'j'.; ~Added -~ -
Maseea "' Masses .. -

lst mode (M ) . 6.'6'7'-‘HZ . : .2.77H.z: .

-3

lst torsional . AT
“modé , (M) 8 06 Hz : 3,,67. ug S

Pt
v

2nd sway mode.:'::. 16.97H7 11 92 I{z L

L ( ) The connections at. the’ joiﬂta were aedumed to have identical
rigidity., In the éxperimeutal model, this eondition may not
have been ao. L : : g

(i:l.) The maas of the individual stmctural Jmembera was assumed to

“"be’ concentrated it -the joiuta.- ,'{;hia 18 not ‘the caae in the
experimental model (reaaons will be given later)

&

T .}" model could have been iucorreet: aa‘ fai

'

,ﬂaa concerned. Lo
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- The ‘invalidity of the lumped=mass idealization of fhe structure
N .." . . -*
could be explained as followS' For ‘any "'dynlamic system, the -analysis 1is

greatly complicated 'by the fact that the inertia forces results from

k2

g of tl& inertia forces.. This close cycle of cause and effect can be

\

approached directly only by,formulating the problem in terms of differ-

‘,.,‘, . -1:

ential equations. Yet,“because the mass_of each structural member is

distributed continuous"ly along‘its 1ength the displacements and accel-", <
erations must be defined for each point along the axis of the -member,

Lol

if the inertia fort:es are to be completely understood In such a -

o

situation, the analysis muet be’ formulated in- terms of partial differ—

ential equations because the position a],ong the span of each member,

in addition to the time, must be taken as independent variables. '

e

e On the contrary, when a lumped-mass idealization is used (as is

v
-3,

the case of the STRUDL analysis), the very complicated motion of the '

’ structure is greatly reduced since the inertia forces can only be -,'~'-"

- "'developed at- the nodal points of . the structure. SR ;‘,;. L

In both the theoretical and experimental results, t‘ne- mode most
.a-ffected when‘a k—brace member was severed (member 91) was- the 2nd ,sway,
mode (M ) A 16 02% shift\in resonaht frequency for the 2nd SWay mode
(M )’ was calculated from, the theoretical results. while, on the other
‘ :hand a 22 75% resulted in the experimental results. HOWever, when tWO
members were removed (members 91 and 84), a 29% decrease was observed

A )

in the experimental for the 2nd sway mode, compared to a’ 50 607’ for the

‘e

structural displacements which, in turn, are affected by the magnitudes ." -

oY
E

same mode:, n the the‘oretical results. In addition, a. 31 OZ shift ’




a-15.162 Bh:lft: :[h the theor’etical_r’esﬁlts;

‘Agaiﬁ, ?:he mod_es"f'.most

affected -in both experiment -and theory, when™ two k-brace members are

severed were the lst sway mode (M ) a.nd the‘ 2nd sway mode (M ) C
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8. "c_oucwnmc REMARKS -

Based on thia investigation, it can be’ concluded that the "gtrue-

tural integrity monitoring technique certainly demonstrates that a

“ 4 i

predictable relationship exists between physical damage and the changes

'

depends, to a major extent, on the position or 1ocation of the damaged

"; member(s This observation could not be verified experimentally since .:: R

once a member was removed it could not be easily replaced. , S

LI v

[N . -" [

’ manner.. Hence, the relative magnitudes between the various resonant .

- frequenéies should provide an indication of-. the general 1ocation at ,

which the structure had been‘Weakened. The- main benefit of such a

.. T

system is that any damage which has a large influence on the stiffness

of .a particular vibration mode of the structure will, obviously, result

e N e

in an analogous large change in the excitation frequency of that mode. B

B .'\,;-- For this reason, it :Ls imperative that the stiffness characteristics of‘

’ resonant frequency of a specific mode may be lo<:a1ized.

[
3

_ Since this study considers an out-of-water investigation, many

»S
- : o

) ‘—,.

factors which may come into play in an aquatic environment, fven under

~.’

laboratory conditions (e g. s wave 't'ank), which were not considered

could greatly affect »the results, for instance s, ‘t,he added mass affect

v

b .»-_, . .

‘.‘-‘ RN »,‘v‘ . . f

: ment on an actual operating platform, other complexities such as marine

in the modes of vibration of the structure. Howeven, as illustrated in.j

the theoretical results (Table l 2), the effectiveness of the technique-:;": SR

o o -' i Sy

. At eaoh resonant frequency, the structure deformed in a different

v B EE -t

the structure be completely understood so that any lar e change in the .
. f SN

of the water, vortex shedding, and a hoat of other complex parameters.

Furthermore, if this technique were applied in an ocean environ—,_: o

P

e o

A i s a2 5
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growt'h could cause s'hifﬁs in,cler'tain- resonant'frequencies.

It is for'

ﬂ»'\r‘

{s reason why the integrity method using vibration a.nalyses should be

-

N

) catried out on 8 constant basis in conjuncbion with conventional detec-

tion procedures, if 1ts effectiveness is to be maximized.

4
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mendations are made. Co

. be aesured.

tibn procedures on a cOnstant basia, the effectiveness of the atructutal
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9. RECOMMENDATIONS

'I.t should be clearly understood that this technique ehould not

be conceptualized as.a. panacea for solving the problem of early detec— l

iy “; ,

tion of damage of subsurface structural components witb great certainty

- B

' 4-.'

integrity monitoring techniqUe should be enhanced. by

(i) Hore time be sPent, if Euture experiments of this type dre

’ carried out, .to ascertain that thé structure’ is not. redundant'
a8 far as stiffneas is concerned.. In so doing, it is
=believed: that more resonant frequencies would be excited”

) experimentally, g0 that a better comparison could ‘be- made

. :-~‘-'betWeen experiment and theory. , .

Y

" (ii) 1The background noiae levels"and (signal to noise ratioe should

:Some ‘assessment of - the mode shapes of the structure ahould

)
S '_‘be obtained in order that a: comparison with the - theoretical
Ce S ~"eigenvectors -cén’ be made. A Therefore, it would, perhaps, be

: advantageoua if a number of - sensors were 1ocated at nodes
B ‘;."_'along the structure where the mode -shapes’ are required.,
... .There 'is. certainly a need for more laboretpry work (in’ and
lout of water) in this ‘areaof. study, An addition to more . St
' ";experi.'ments on actual operat:lng platforme in the ocean. R

KA
°

; .- . Consequently, :lt should be mentioned that at the time of writing

l

useful in that study..'. ' .‘

s

this thesis, plans are being made to carry out teats on a more refined
model in the wave tank facilities at Hemorial University.l It is hoped

however, that the experience gained from this investigation will be very

.1"

However, if applied in conjunctién with convent':t‘nel detec- . A

-
A

be fairl}ywell understood L
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FIG. 1.18 SEVERED MEMBER
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