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Abstract

The finite element method(FEM) has been commonly used for structural dynamic analy-
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sis. However, the direct global application of FEM to large complex structures such as
ships and offshore structures requires considerable computational efforts, and remarkably
more in structural dynamic optimization problems, Adoption of the component-mode syn-
thesis method is an efficient means to overcome the above difficulty. Among three classes
of the component-mode synthesis method, the free-interface mode method is recognized to
have the advantages of better computational efficiency and easier implementation of
substructures’ experimental results, but the disadvantage of lower accuracy in analytical
results.

In this paper, an advanced method to improve the accuracy in the application of the
free-interface mode method for the vibration analysis of large complex structures is
presented. In order to compensate the truncation effect of the higher modes of
substructures in the synthesis process, both residual inertia and stiffness effects are taken
into account and a frequency shifting technique is introduced in the formulation of the re-
sidual compliance of substructures. The introduction of the frequency shifting not only
excludes cumbersome manipulation of singular matrices for semi-definite substructural
systems but gives more accurate results around the specified shifting frequency. Numerical
examples of typical structural models including a ship-like two dimensional finite element
model show that the analysis results based on the presented method are well competitive in
accuracy with those obtained by the direst global FEM analysis for the frequencies
which are lower than the highest one employed in the synthesis with remarkably higher
computational efficiency and that the presented methed is more efficient and accurate than
the fixed-interface mode method.
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Fig. 1 Simply supported Euler beam modeli.

Table 1 Caiculated natural frequencies for the
simply supported Euler beam shown in

Fig. 1.
(unit : Hz)
Method | Classical [MacNeal’s| Present Exact
Order CMS method Work Solution

4815 4.398 4,398 4,397
17.61 17.59 17.59 17.59
44.00 39.58 39.58 39.58
70.69 70.36 70.36 70.36
124.5 110.1 109.9 109.9
160.0 158.4 158.3 158.3
251.0 216.8 215.5 215.5
287.4 282.9 281.5 281.4
9 369.3 359.0 356.2
Note : Natural frequencies(Hz) of the substructures used in
mode synthesis
Ist :0.00, 2nd : 27.46, 3rd : 88.92, 4th : 185.4, 5th : 316.8
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Fig. 2 Rectangular plate model.
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Table 2 Calculated naturai frequencies for the rec-
tangular plate shown in Fig. 2.

(unit : Hz)
Fixed-
Method MacNeal's! interface | Present Global
method mode Work F.EM.
Order
method
1 7171 | 7170 7.169 7.169
2 14.04 14.03 14.03 14.03
3 29.07 29.05 29.05 29,05
4 37.17 | 3713 37.11 37.11
5 37.87 ' 37.80 37.80 37.80
6 64.73  64.23 64.21 64.20
7 67.59 65.92 65.94 65.79
8 76.83 | 75.32 75.29 75.12
9 8247 | 8160 | BLSS | 8146
10 1062 | 1045 104.5 104.2
Total CPU l
. 1509 | 154 147 243
time(sec) i

Hxolt} MacNeal?] Hol QoA AH fEa
AN AQAIZE B} 98] W Aol 285U
=9} o] 9o compliance MEH A2 A4 g &
' Eg 2] AW ER A Ao o) @ Azho]
A28 HY7] BEolt} Fo] ulEgze] HujEY
A 4kol &= Rozenblum[9]2] ¥R & ARSI o5
Fapgo WE JFe HEI) Hate olFFas
£ (0Hz, 10Hz, 30Hz ¥ 50Hz3! 7 $-o sl A4k
& 933 Table 30 4 Faass|y Azeh v
28T}, Table 38 KW o §5ua 2o &
e Y fResss Aae ¥ dAER o
ol F M7t Al wetd A AEFE U=
Table 3 Calculated natural frequencies w.r.t. shift-

ing frequencies for the rectangular plate
shown in Fig. 2.

(unit : Hz)
Shifting Freq, Global
o O0Hz 10Hz 30Hz 50Hz FEM.
1 7.169 | 7.169 7170 | 7.174 7.169
2 14.03 14.03 14.03 14.04 14.03
3 29.05 29.05 | 29.05 | 29.05 | 29.05
4 37.11 37.11 37.11 37.11 37.11
5 37.80 37.80 37.30 37.80 37.80
6 64.22 64.21 64.21 64.21 64.20
7 65.95 | 6594 | 6589 | 65.82 | 6579
8 75.30 | 7529 | 75.25 75.18 75.12
9 81.53 81.55 81.51 81.49 81.46
., 10 104.5 104.5 104.4 104.4 104.2
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No. of nodes : total 690
(SUB.1,283 - @210, SUB .4 - 88, Interface - 28)

No. of membrane elements : total 610
(SUB.1,2&3 - @180, SUB.4 - 70)

No. of truss elements : total 353
(SUB.1,283 - @96, SUB.4 - 65)

Fig. 3 A simplified ship-like 2-D F.E. mode! for verti-

cal vibration.

ZHE, Y, A3

Table 4 Properties of the simplified ship-like 2-D
F.E. model shown in Fig. 3.

‘ Mainhul | OUPS”
Particulars structure
(sub. 1, 2, 3) (sub. 4)
Principle dimension(m)
Length, L 180 21
Depth, D or Height, H D=18 H=20
Membrane element
Thickness, t(m) 0.05 0.02
Mass density, p(ton /m3) 7.85 7.85
Young's modulus, E(kN /mz2}
Ex 2.1x108 4.2x108
Ey 4.2x108 2.1x108
Shear modulus, G(kN /m?) 8.1x107 8.1x108
Poission’s ratio, v 0.3 0.3
Truss elements
Sectional area, A(m?) 0.8 0.3
Young’s modulus, E(kN/mg2) 2.1x108 2.21x108
Total concentrated mass
at nodes(ton) 21610 1408
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Fig. 4 Mode shapes of the ship-like 2-D F.E. modei.
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Table 5 Comparison of the calculated natural
frequencies for the model shown in Fig. 3

& Table 4.
Method Fixed-interface Global
Present work* F.E.
mode method .
Order - e __| analysis
B Freq. (Hz) |Error(%)*| Freq,(Hz) |Error (%)**| Freq. (Hz2)
1 1.3 0.00 134 0.00 L34
2 3.07 0.00 3.07 0.00 3.07
3 4.84 0.00 4.84 0.00 4.4
4 5.47 0.00 5.47 0.00 5.47
5 6.89 0.00 6.89 0.00 6.89
6 8.44 0.00 8.4 0.00 8.44
7 9.26 0.00 3,27 0.11 9.26
8 10.97 0.00 10,99 0.18 10.97
9 11.18 0.00 11.19 0.09 11.18
10 13.12 0.08 13.44 0.23 13.11
11 i .76 0.07 14.82 0.47 14.75
12 15.79 0.00 15.99 1.27 15.79
13 ! 16.32 0.12 16.36 0.37 16.30
14 | 1768 | 007 | 1773 | 045 | 1765
15 01902 | 000 | 1808 | 084 | 19.02
16 __, 1992 | 0.0 1956 ] 124 ] 193
“Total CPU : ! 168 1% %3
time(sec) |

Number of modes used in the symhesxs
SUB. 1, 2, 3 : up to Sth mode
SUM. 4 : up to 6th mode

* frequency shifting : 8.0Hz

** w.r.t. global F.E, analysis
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