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Abstract @ In order to evaluate the vibrational characteristics of huge finite element models such as ships and offshore structures, it is essential to
perform eigenvalue analysis and frequency response analysis. However, these analyzes necessitate excessive equipment and computation time, which
require the development of a high-performance analysis program. In particular, a considerable computational analysis time is required when calculating
the inverse matrix in a linear system of equations and analyzing the eigenvalue analysis. Therefore, it can be improved by applying the latest
high-performance library. In this paper, the vibration analysis program that enables fast and accurate analysis was developed by applying ‘PARDISO’,
a parallel linear system of equation calculation library, and ‘ARPACK’, a high-performance eigenvalue analysis library. To verify the accuracy and

efficiency of proposed method, we compare ABAQUS with proposed program using numerical examples of marine engineering.
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AN Fuprol whet mel ok
s aoF & FE model®] A+
FAedel 2717 wj$-
Al 7Fo] AQ =T

NAs7] 8l gt R &

=
sareidel Sahe stolnvels 48 ABHY Tz

<GUI > < Solver=>

(i)

PARALLEL
STUDIO XE

<ARPACK=> <PARDISO=>

Fig. 1. Configuration of proposed program.

Fig. 13} #Zo], b5t f3a
= AHgste] GUIE —_r“* 0]'»5\3’—
P 1] FORTRAN, 145 FX 814 L lbrary ‘PARDISO’ 2
‘ARPACK’ S Z-I_Q_o],o:] :,L 2o A% EXAS Ao}

PARDISO+= Intel MKL(Math Kernel Library)oll 4] #|-&-8}=
= 3]4 A ) (Sparse symmetric matrix) 3 H] i 3
do] M2 Aldbel 53t% eto]Helg|oln, thfgh 3
2qdo F38& Adstar A A, 5, g, vl
Fe] BHs B dENE idqde APPANS A
T ATHPARDISO, 2020). ARPACK-> tf & 24| 11
a4 ol S3tel gholB e g]ol ™, Lanczos Yale]FS At
3}l FORTRAN 778 7]8Fo 2 {3t e S
l’/‘r(I_/echucq et al., 1998).
oﬂ?-oﬂ}q HH]—Q ;(]ELH/H EEJEHQ__ MSC/PATRAN
FEGate®] Fet84Axd 3 F 342l BDF 3 &
tol FE model @45 Ab&Aboll Al AT B8,
A A S fste] FxES] A% 2 AP =
MSC/NASTRAN®| 2321 PCH 94 FHara}qivt.

ke 2 73 o] 34 H-2 Normal mode analysis, Frequency
Al 7HA & st

Ahgte] #ogat

[o

m%

9 op oz ot
ﬁ

ror

z‘*ﬁ? pi

response analysis, Forced vibration analysis -
Ko, 7zt sjA4e] =8 A}E FE model=

sha, e FHstel Agxte] Welg S mejsheinh. ®
2, AEAAEIE 919 S0:69540000)S FE AE A
&

2. 38 oM YHE

Fqst7] A8 1HKEF 2 T
Hal M-S Fagth FEMS o83 A8 R A
o 3142 2% ¥ (Direct method)¥ & (Modal method)S
A} SHH(MSC Software Corporation, 2012).
A ‘?_Wﬂi AP L FAF A iAo F2= A
- E A ol Mg 4 o] 52 al(Particular
solut10n)§ EH‘?Jé}Ojl S5 JEE ALtshs Wil ALt
Aol A A d Arks FaAsfof st wepa] B2 Al7E
o] &84 F Ut
F AR, RIS O EA o g Ao T2 A
= W olth. R34 (Modal analysis) EAE ©] 83}
H| 7] AR Aol 783 Z 14 (Orthogonality)2] 57

2.1 Normal mode analysis
N AfNE S50 e g

Mx+Kx=0 Q)

71 M, K= 747 A5 9 Adddeln X, x& 7
zk e 9 tﬂ%’% HEE e o] 42 kel mli A
2o o] W7t e AAlE w74 (Coupled differential
equation)©| T}, wEbA @G0 wheglo] Flibe]l WS
gk miEg A datslE AR 7 g oglem, A
215 #-2](Decoupling)dl= 4 o] & Q FThH(Kim, 2006).
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us FAMA geolrHgs AE3 ey zead s

i 3L XAl (Eigenvalue problem)o]th. A& 2 734 5%55&0]
s Holar, ko] AH S (Positive definite)Z}d 7 7o)

B ko] A7t Hrk oju) A5 e EAEoR A
= o, 7P A gE 13 A Eseeal sk, i)
= 7HE 2 @S 7o

redgly O &= R=9] 2 w4 (Orthogonality of modes)oll 2]
sto] okt 2ol & 9l

2, o

DM = ['\M\] = M (4.2)
L 0 va_
ks o

KO ="K |- K N (4b)
L. 0 | Knn_

o714 %’*I%XP T &= 71 %3 H(Transpose matrix)®] ™, o}-2}
H2p nn & PP FAE o|u|git]

2 (4.2), (4b)9} o] RERFE A 9 FAPL F
7w diztslrt ww, 2bzF Adnkd gy, dukdd ey
olg} stuh "iF-E9 AS AGaE UFHFIEF AHitst

(Normalization)3r Z=3HE AF2=dd W Normalize

mode matrix)2} 3}, 7+ & =9 B (Normalize mode vector) ¥i

2 I3

1 0
PIMY = [\M\] - =1 (5.2)
0 1
[, 0
YIKY :[\K\]z (5.b)
| 0 A,

o714 1+ 13 H(ldentity matrix)©]t}. 2(5.a), (5.b)%
FH Aatrewyel gk EAS thed o] aofdt

o)
poS

YiIMY; =5, 5 = NCE)) ©
YIKY, =45, 7 |1(i=))
216y Wt AFEREWE 1H3S Astete I

& Normal mode analysis2}il 3+t 54 3|4, 53] 2153
Aol o] 7P Fast HAoln, P oA 7 A

WE= s Aol

C=aM+ K (8)
weba A7) ot 2ok
Mx + (aM + BK)x + Kx = Fe' )

2199 & x & A 1
3@ 2 (10)3 2k

x(t)=Pge™

SRE A¥xion A

x(t) =io¥ge™ (10)

¥(t) =—w*¥Pqe™

4714, Y& AR=dd, 9% ZE=33(Modal
coordinate)©]th. REWE = FudoR Qlste] MY EHA
JEEREEERCE T EERES TSRO

3] o

uteba WS X & HAA A nHRE AP

el o= Sl
21005 2©ell dsiste]l Aejehd ta3 2ok

+io{oM + K} Wge'™

+KWge'™

_wZM\Pqeiwt
, (11)
— Fet(ot

Aol A € g 2A%a, P2 Fake] st
~0’Y"MYq +ioV {aM + BKWq
+¥Y'K¥q=V'F 2
212 2(5.a), 5. 2ol Fafrshect
~0’lg +iofal + g +hg=V'F (13)

ol 7Hal= 2149 YA 72 (Critical damping)Z 714
shd, 2159 2ol S vhet Zol 2dT + A
(Rao, 2018).

¢ =f, c=¢e, =2o, (14)

¢

al+ Br =260 (15)
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w2hA], Modal coordinate &5 W42 ole} o] A
A
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A6 NEFE mERE 2
7?1 Back transformations A &4
(Bathe, 1996).
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3. Solver HZt 2 Flowchart

A2 Solver= A3 YAEXE)E HEEH, GUISt A
ste] s Als xagttt. Al 71A 9] A S Z}7} Solver= A=}
akal, GUIONA 23 sfA] Ju 9t S ¢lo] zlsggitt s
A AR B TXT FUE A=, AFEA7E A3 74
& Atk

10

1

AL 98] NASTRANS A&} FE modele] @k 2
7483 ARl pCH 3AS AAS L Solverd] & 342
2 ALEEYY. dde AR WEEE AEsslr] 98}

of A 2 gl del 84 (Sparsity)?t U] % d (Symmetric)
< AH&-3te] Fig 29] dlA]9F Zo] Compressed Sparse Row(CSR)
format 0. = WS & AMS Aot =, A 2D A4
gHo] A4, & 28 4 ARE 379 wWE JeE A%

SHAl ot

2 2 1 (Num. of nonzero)

A~~~

1 0 5 [1 3 5 6] Row address
2 7 [1 3 2 3 3] Column address
sym. 3 [1 5 2 7 3] Values
Matrix ‘A’ CSR form ‘A’
Fig. 2. CSR format example.
3.1 Solver: Normal mode analysis

Normal mode analysisi= Modal analysisg ¢3}o] 7} 413}
Hojol 3= F|Agolm ARPACKS Al§3she] Faskgl).
Fig. 3¢ ‘CALCMK’@Alo]l A PCH 32| 4B E ¢lo] CSR
format ©. % W75 ™, ‘SOLVE EIG’ w74 ARPACKS Al
4-3}] Normal mode AltS 3R 832 LH-7
AFHEZE 9lo™ “WRT EIGV. T B0l A ik dx

513l

Y
Nastran .pch
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A 4

SOLVE_EIG

y

WRT_EIGV_T

Eigen Value
print (.txt)
Y
Eigen Vector
WRT_EIGVCT_B —7 print (.dat) /
Y
EIGNESOL
END

Fig. 3. Flowchart of Normal mode analysis.
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3.2 Solver: Frequency response analysis
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& AR g4 e A Fabaol tiste] shbel A
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& Adggt), Fa 1= ALtEd S Mode superposition
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START

DEF_FORCE >

DEF_DAMPCOEF

EIGENSOL

/ Read / 3
input file / >
<USER INPUT INFORMATION>
1. Force information
2. Excitation Frequency information
3. Damping information

| werow /oy /

Fig. 4. Flowchart of Frequency response analysis.

o
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3.3 Solver: Forced vibration analysis

Forced vibration analysist= 3.2%8°|A ™3t Frequency
response analysis®} #2 AAHAS ZAPsA| T F 74A]

Ao 2 yyy dlzle] AlYS Jtol 7[R gk =}
T ALe E3sih

Fig. 59} #o] AF8x7} 7F9 #3914 Domaing RPM &<
Hz® A EgsA Ft}. RPMO.E a8 ¢ 7]2 3 S table®
dEstAY, AR ALY ARE dHir}, Az
Order, Reference force magnitude, Reference RPM= A}-&-2}ol] 7]
o} Orderdl]l WE 717 LS ALEslH,
St

eE

744 3% Domain® HoZ AEjd A%, 7102 44
ofe e m=

dHe A, shbel @ Pwih
s J
.

A = der o9 a2 3243 gt

>

=

Forced Vibration
START

EIGENSOL

Read
input file
(only domain)

<USER INPUT INFORMATION>
1. Domain type
2. Force information Input
3. Excitation freq 'y infor
4. Damping infermation

5. Response nodes information v

Domain : RPM Domain : Hz

FV_Hz_SOL
input file

FV_RPM_SOL

Read
input file

DEF_FORCE :
DEF_DAMPCOEF|

loop:i=1
FV_LOOP_SOL

---| Fv_LooP_soL |-:

DEF_CUTFREQ :

CALC_TMCK

CALC_DISPL

LOOP_SOL

CALC_DISPL

Print results

Forced Vibration
END

Fig. 5. Flowchart of Forced vibration analysis.
BE SHS SV A2 AFsAY a2 EZE EY35)
, 99, &%, 714 9] Real, Imaginary, Magnitude, Peak 7|

el
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2
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4. GUI A%

Visual C++2 A}F8-3}9] Graphic User InterfaceS A| 21513
th Al 7FA1 €] solvers EF whE A E 4 9lom, ARgat
7F a6 Hask AEE 2] gA 489 5 A AR
At GuIel BDF 3492 ¢}o] FE models KoM, AF&2t
7} stAd A Y5k NodeE 24 AEste] sfjaad 4= i)

AREAFE Model viewoll Al vk 1% S = st 3
M, 8% 29 2 E2 g 9 F4, @ FYoR o]
T STk Fig 62 & Aol A sidd s Zzawe]
Gure| o}y, 742 th-3 2t} Input File HESZ BDF 31
S 28] ¢S Al BAS flg HEEe] 4 3ME ™ Frequency
response analysis % Forced vibration analysis®] Z3}Q1 Z1j| 3
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4.1 GUI:
Fig. 7% %] ‘EIGEN Solvingg HE
T Atk &4 FollA A E Mode®] 77
A 3YsH Solver’} A5 B H L},

analysisE 72§t
AR, S

=

=

EIGEN
Sohing

Nom of Mode

P’)_
@ End of program @ View option
@ Input FE model file Selection option
(® Run the Frequency response solver (9 Viewports

@ Run button

@ Model view

@ Run the Forced vibration solver
® Run the Normal mode analysis

® Open result file @ Command window

Fig. 6. Program main window.

Normal mode analysis

© =2 Normal mode

B EXAMPLE eignvals.txt

Output : Eigenvalue
(Filename)_eigavals.txt
Text file

CAMPLE_eigvcts.dat

Output : Eigenvector

Binary file

(Filename)_eignvets.dat

Fig. 7. Normal mode analysis process.
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Fig. 8. Result of Normal mode analysis.
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4.2 GUI: Frequency response analysis
Frequency response analysisoll 2 2.3l 3|4 X = Fig. 9<}
Zro] =3t} ‘Node Select” ™72 AF&-&to] 7744 GUI
Aol A st = 9o, ‘Delete Cells’ =2 =3 Element
£ 2Hlste] Aedd 5= gl T2 NodeE A8 5 3l
3% An, PIFIE A, 42 4ug Qeistel gl v
ES 2% User input information ]~ E 3} o] AT},
.
oo | w
\W-W:AKII 7?!
oo | vt || ||
- -
[ = = =
Fig. 9. Input information of Frequency response analysis.
FREResut Fie © [ ey Wioodar Womskiog Wi Firinase 14 Wiws 37 GPEN
[roate =] [mas =] [ rer
§ oo
=g mz |
Fig. 10. Result of Frequency response analysis.
A4 29 F, 64 A3 9ol csv g Hejsta 9
s ARE == Jebdh Fig 102 o] a2 EZE A

gste] A3t stolgtolEE & 2
4.3 GUI: Forced vibration analysis

3340l A g upel o], Forced vibration analysisi=
A s o® R3ETh Fig 113 o] F3<* Domain
typeoll Wl Ygat= QA5 thEn 4249 Delete Cells’ 2t
‘Node Select” 715 AFEE = STt
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Fig. 12. Result of Forced vibration analysis.

Fig. 129} Z¢] RPM Domain®] 739~ 7} Order 2 &2 43}
O E gd@stal, 2HEE AdYste] Ad spolgtolE
&4 Uk

TR

=X o |

2 ATl A AN E ZEs
01'7] A8l F A A AAE 3L
A2 Windows 10 64H]1E 374 O 2 Intel i7-8700 Z 2 A A,
16 GB #|=e]o|t} frghad HElE2 ABAQUSE AH&-3H31
o 34 Step Frequency, Steady-state dynamics, ModalS A}
23}tk T3k, Matrix generate 752 AF-&3l] FE model 9]
A, 2 9d AR 594 MTX #dS 931 CSR format S
2 Hgste] B2 Ao A /¥ Normal mode analysis<}
Frequency response analysisS 713 3}%1 T} Forced vibration
analysis®] 7d-$- Frequency response analysis®} -2 42415 A}
&sta, 7k xHo] vE

analysis?+ 7 5-8F5Th.

4% &
Aske, 48 2

%}:5
il

Mo]m 2 Frequency response

5.1 Stiffened plate

Fig. 133} #+o] 52,662709] A-7-1=E 2t Stiffened plate®]
FE dol nZz=AE FAoH, T ] Nodeoll &t

2 Ags AEea zaad s

& AAsA . DEE 7860 kg/m', B AlGE 2 PoissonP] =
Z¥7}k 206 GPa 2 0.3°]T}. Normal mode analysisE 207H-°4 mode

719 z87p ©=0~40 [Hz] & g2yapic),

Fig. 13. Stiffened plate FE model.

Table 1. Critical damping coefficient

Frequency [Hz] Critical damping coefficient

0 0.01

5 0.01

10 0.03

90 0.03
Table 17} o] T34 ¥ AA 74| A5 (Critical damping
coefficient) S &3} t}. olw] 5Hz~10Hz T3> 0.01%-E
0.037F4] A& ZF71slH 90 Hz o]/ 1kl 0.03S A &3k

o 9 8l =7HS 483 Normal mode analysis®] AI}+=
Table 29} 2t

Table 2. Results of Normal mode analysis

Eigenvalue Eigenvector (Maximum)

Mode ABAQUS  Proposed  NASTRAN  Proposed
1 769 769 0.2994 0.2994
2 939 939 0.3168 0.3168
3 1851 1851 0.4126 0.4126
4 3328 3328 0.3683 0.3683
5 4934 4934 0.2689 0.2689
20 20526 20526 0.3828 0.3828

0708 mEaA As, whak 2 whEe) Hogs
H] 2l o],o:lo ) ABAQUSQJr F 7o A= :q].o]o],ozh;]_

Frequency response analysis®] Z¥}i= Table 3 % Fig. 149}
2t} ABAQUS®| Steady-state dynamics(Modal)™= - ¢ 710l A
sshe s g Welm, ANt v AL B
13 4= 9ok 1A A7 ABAQUS 31%, A|ehe >~z 13
4z7F 2k
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Table 3. Results of Frequency response analysis

E
s

Azl N A2 Table 17 22
mode analysis®] Z¥}i= Table 49} ).

Z 7 0o]™ Normal

Frequency Displacement (Magnitude) [mm]
(Hz) ABAQUS Proposed _
0.0 0.00185 0.00185 Table 4. Results of Normal mode analysis
0.1 0.00185 0.00185 Mod Eigenvalue Eigenvector (Maximum)
e
0.2 0.00186 0.00186 ABAQUS  Proposed ~ ABAQUS  Proposed
1 78591 78591 2.8869 2.8869
43 0.00214 0.00214 2 164902 164902 2.5897 2.5897
4.4 0.00540 0.00540 3 181679 181679 5.8145 5.8145
4.5 0.00251 0.00251 4 201399 201399 5.5466 5.5466
5 228112 228112 6.6462 6.6462
39.8 0.0000126 0.0000126 .
39.9 0.0000125 0.0000125 20 722350 722350 6.7541 6.7541
40 0.0000124 0.0000124
207§ Mode®] aLfr#k H aLfrEE o] Htigke] ABAQUSS}
bote- I e g slskc
o0os4 | ABAQUS
E 0004_' Table 5. Results of Frequency response analysis
E — 3_- Frequency Displacement (Magnitude) [mm]
=
é” 4 (Hz) ABAQUS Proposed
Fhae 0.0 0.000155 0.000155
= 00011 i 0.1 0.000155 0.000155
1 &5 4 ~ 0.2 0.000155 0.000155
0.000 - !
0 5 10 15 20 25 30 35 40
Freg, [ 71.3 0.002539 0.002539
Fig. 14. Graph of Frequency response analysis. 71.4 0.002540 0.002540
715 0.002535 0.002535
5.2 Jacket structure
i + 9] FEg 2 el e
ZE2 Lo E3 A= 2|3 Flo 10.0] 111:/_} = 7
;: f? R ELHLG‘B SHAATE. Pilec] 2 :ﬂ : j ’? 99.9 0.0001623 0.0001623
S S T4 tq, FAF st NOdeoﬂ st skl 100 0.0001617 0.0001617
o Y= 7860 kg/m?®, B AIG 2 PoissonH] = ZHZ} 206 GPa
2 03] T}, Normal mode analysisi= 2071 2] ModeE 34 }aL, 0.003 -
- _ —=— Propose
Frequency response analysis Al x &, -IN9| =7]9] 3} 7} | e ABAQUS
2 ©=0~100 [Hz] o tjate] s)4i5}oich, T
% 0.002—
<
2
2 0.001
Z
E e
0.000 — T T T T
0 20 40 60 80 100

Fig. 15. Jacket FE model.

Freq. [Hz|

Fig. 16. Graph of Frequency response analysis.
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Frequency response analysis 23}, Table 59} Fig. 162} #o]
TE 4 v ABAQUSSE BT 2 S Felsiglon,
ABAQUS 37%, Al¢td Tz 15%7} A~ Q5 0] Agr9}

2EEE A

53l 4] sttt =2 AlAkel 53hE FORTAN
Aol = Solvers Al&Fslal, AMEAZF HEHA thE 5 UL H
Visual C+H< ©]-&3}o] GUIZ A|2Fslith. Solver #|2Fell a1
/)% o]l B #{2] PARDISO, ARPACKS #-&3}o] 7zt A3
Waga 9 s s Aol e et a&4dS Rl

3}
F7F a7k DA dxlel o7k 7139 Ake AHEAE
o9 Aerks dEsto] A s H =S AAtsglar, @
MARE eV A B 2 =Z R AFste] FdH Hog
< =3k
At ZRI%E o]gste] I H Wb # HuA
AglM aES wRom AR TFE Eolal, 4
L5E EolE 7 d= Aoz Tiddn.
FF O 54 M-S FHE Ao, AsA 71
Aol A G-l g Fa& &0 & A=

Y
o
=5
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