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Abstract Compared with the time-domain method, the frequency-domain method is a more efficient and easy-to-
implement method for random vibration analysis. However, the existing frequency-domain methods often involve
truncation for degree of mode or decomposition of the power spectrum in multi-correlation conditions, which may have
impact on the computational accuracy and efficiency of the methods. To this end, an accurate and efficient auxiliary
harmonic excitation generalized method is proposed for the analysis of random vibration of linear structures under
stationary Gaussian excitation in the framework of the frequency domain method. First, the concepts of generalized
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impulse response function and generalized frequency response function are introduced, and a generalized analysis
method, which is equivalent to the complete quadratic combination method of response power spectrum calculation, is
derived. Secondly, replacing the product of generalized frequency response function by the product of response of
auxiliary harmonic excitation, a more easily implemented auxiliary harmonic excitation generalized method is further
proposed based on generalized analysis method. Third, according to the different calculation methods of response for
structure under the auxiliary harmonic excitation, two generalized methods of auxiliary harmonic excitation generalized
method with different applicability are proposed, namely, the auxiliary harmonic excitation generalized method based on
the mode superposition and the auxiliary harmonic excitation generalized method based on the time analysis. Meanwhile,
the computational performance of the above two methods and their comparative analysis with the existing methods are
introduced. Finally, the computational accuracy and efficiency of the proposed method are verified by two examples. The
results of the examples show that the auxiliary harmonic excitation generalized method has significant advantages of the
calculation efficiency over the complete quadratic combination method and the pseudo-excitation method with the same

calculation accuracy.
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Fig. 2 Four-story shear building
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Sox6.25%x10%8  (38)

b, 0,20 rad/s, w2 rad/s, £,=0.85, £=0.85, S;=0.0107
m?/s3, JbAk, TP 0,=0, Aw =0.1047 rad/s, N =
1500.
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Fig. 3 The auto power spectrum of displacement at fourth floor
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Fig. 4 The cross-power spectrum of displacement
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V)2 22 3 2R 4 ZIM R T 24K IR R 5.46%
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Fig. 5 The amplitude of frequency response function multiplication
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Fig. 6 The power spectrum of displacement at fourth floor
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Table 1 The computation time of different methods
Case MPEM CcQC MAHEGM TPEM TAHEGM
1 0.034 s 1.17s 0.033 s 80.49 s 12.09 s
2 095s 2.06s 0.057 s 293.86s 55.71s
AT BEHL AR Y. 3 #T 0.35
42 Hfl2
- — e S A A
HE K 8(a) FT K — YEHESL S5 M ZE BRI |
N EIBEAL R N AT A AN AR T 22 ) T 8(c), e .
=
= 0.03 e
A
Y \4
0.35 S
- > S
() BEAEa 1

(a) Z4EHESR S I

(a) The tri-dimensional framework structure
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(b) The location of excitation

(c) The cross-section of beam and column
8 = YEHELLERY (i m)

Fig. 8 Three-dimension frame (unit: m)
FERRIAT 7=0.35 m, AR h=0.45 m. MRl 7.85 x
103 kg/m?, Jii i LU A3 BHL & 2 £50F0 W1 B L 43 BH e 2 5
435124 0.0778 F110.020 3. i ZERIAE Y 7 [0 K B2 Al %%
PIRENLIE AR, HoAar 805 FH AU A7 B an 1] 8(a) A1 8(b)
O ~ @, X TALR i kb j s kb iy g B D Atk

Srr; (W)= \/S FiF (@S Fir () yij(w)  (42)

Horp, SFr; (W) VSRS SURERYIE S F TR 7ii(@) A
S0 RN G R AT R

¥ij (W) = exp {— lwl [256(x,- —x ,-)2 +100(zi -2 ,-)2]0'5}
(43)

2, Rz, 95 0 ) X7 R Z 7 T AR,

PR IT 22 2.27%10° K454 1, 2% je il
H Dy 2305 B RR LS Fyr, (w) (RIS R 2 PR 50,
T3 B LA, B kYR T Davenport i34,
Kaimal #%59 1 Karman %3¢, 4351 4

(1) L 124 case 1)
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%1
Sk (@) = (8.53x107)w/(1+14402)  (44)
(2) L 2(ic 4 case 2)
S rr, () = (7.967x 107) /(1 + 100w (45)
(3) T.0L 3(ic A case 3)
S rF; (w) = (5.283x107) /(1+700w)*/®  (46)

B w; = 0.01 rad/s, Aw =0.01 rad/s, [A] I N = 100.
AR 3 B G Th Z g A B 9 o, HIE 9 hZx)
TN, )V 3 A O N URl Iy 25— 2, 5 3 A
RN M ZeAE AR AL R IR A JE B KA AR [F].

1 7
30 20
case 1
25k s case 2
case 3
~ 20f
T H
“ 10
05 b
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Fig. 9 The power spectrum of excitation
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IrHs g8 AR AR, T8k Lok T v 43 20358 0 15 12
i 7 22, i3k 2 . R A5, CQC {EHUHR Y By
1 RS (R RS bR AR 1R ZE AR OK, X B 3
i P LB A6 CQC 145 AT 1R K5 mi. [R] i CQC
TEHUR L £ 30 145 5 SPEM [ 45 4%k, ol
W 30 [ 4 284 2 BB A5 RS A V1 S50 S T 75 B4, A A
SCRZ AR 30 B4R A S T DLTISE Aff o A
TSl By 7 Bt e S T R R 2R e B, R
HAE Ry B angett, R MAHEGM 84788 Th % 4%
5 28 T3 2 R, 28K, MAHEGM-30 (145
W ft 5 SPEM [1) 45 B A%

7E T80 2 ATHL 3 A, SR SPEM, CQC-30,
TAHEGM 1 MAHEGM-30 T 547 # T 243 -4 47
BJ7 25 T3 2. o, CQC-i J& CQC Wit iy i M4
RYG1 00 N Th 4 MAHEGM-30 & MAHEGM il

x2 TRERMBEE

Table 2 The variances of displacements at different floors

Floor

Case Method 3 5 7

Value/10™° ¢/% Value/107° &% Value/107° &/%

SPEM 3.61 - 7.28 - 8.41 -
CQC-1 2.17  39.89 501 31.18  6.72  20.01
CQC-5 297 17.73  6.82 6.32 9.10 8.20
1 CQC-30 3.61 0.00 7.29 0.14 8.49 0.95
MAHEGM-30 3.61 0.00 7.29 0.14 8.49 0.95
TAHEGM 3.61 0.00 7.28 0.00 8.41 0.00
SPEM 6.10 - 11.90 - 13.50 -
2 CQC-30 6.11 0.16 11.90  0.00 13.60 0.74
MAHEGM -30  6.11 0.16 11.90  0.00 13.60 0.74
TAHEGM 6.10 0.00 11.90  0.00 13.50  0.00
SPEM 4.44 - 8.81 - 10.10 -
CQC-30 4.44 0.00 8.82 0.11 1020 0.99
’ MAHEGM -30  4.44 0.00 8.82 0.11 1020 0.99
TAHEGM 4.44 0.00 8.81 0.00 10.10  0.00

T 30 PR AL S e N DR e AR AREZE . B
Fal s, Mixt SPEM, CQC-30, MAHEGM-30 Al
TAHEGM {E3X P T30 i # w] 7593 EL AR ff (1) 45 2R

K10 25 H ToL 1 & EAS RIS 6 )= H )
il i 2 e 4, CQC-1 W A 2 SPEM X W,
g, CQC-5 Mtk 5 SPEM 1y ih £k b4z,
TAHEGM, MAHEGM-30, #l CQC-30 1 SPEM [ itfi
g5

K11 R 12 45 i SPEM, TAHEGM, MAHE-

107
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107 Boimg
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10 AETH 1 HE 6 SRR H IR Syeys () X ELIE
Fig. 10 The auto-power spectrum Sygy, () of displacement at 6% floor
in case 1 with logarithmic scale
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Fig. 11  The auto-power spectrum Sy,y, () of displacement at 4th floor Fig. 14 The power spectrum of bending moment at point 2 with

with logarithmic scale
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Fig. 12 The cross-power spectrum Sy;ys (@) of displacement with
logarithmic scale
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Fig. 13 The power spectrum of shear force at point 1 with
logarithmic scale
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N4 T TAHEGM A1 SPEM f45 %, &l 13 FE 14
Fros. W TR a] DUBH B 1 TAHEGM Jir 75 i 28
5 SPEM [P0} N [l 4 7 2/ sl [X [ R4 — 3
3G TR EAEAF Lol S EA % 7
22 BIFEI FUSFERS . (i3 AT %1, MAHEGM-30 5
BRI =T CQC-30. B4k MAHEGM-30 Lt TAHEGM
H R, (H MAHEGM 75 2 LUIR AL & %0
AT, XIS 454, MAHEGM 3& 3o [k 2
% . TAHEGM B B] WAK T SPEM, {H 1345
)/ TAHEGM 7£ LU0 1 WS T 2 BTl ke
i) K 7579.91 s, HihfE TAHEGM il i & 50
THRERI IS 8]k 7543.38 s, VIS5 10 TS S0 %o I F4) g 12
I [0] 24 32.52 s, 5 300l 1) Dy 60 o) 18 AF 3 [ 1 ] 45
5 0.017 s. 1T TAHEGM # L 1 v 24 (2%
Hy i, p, (@), TE T8 2 850 3 AR b sk g 1
TR Hy g1, ko, p, o(0) 55 B0 LIy 8085 5 12 A 3fe A
IR AT, AN TF RS D 2 1A B AT HE o A DAL,

*®3 FRIEETERE

Table 3 The computation time of different methods

Time/s
Method Total time/s
Case 1 Case 2 Case 3
SPEM 3499339 3499339  34993.39 104980.17
CQC-1 2.31 - - 2.31
CQC-5 13.47 - - 13.47
CQC-30 335.22 128.22 128.22 591.66
MAHEGM -30 17.17 0.22 0.22 17.61
TAHEGM 7579.91 0.017 0.017 7579.944

T — RO T R AN R 5
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E T 2 A0 3 TAHEGM HHE 4R A8 7 2
T FERII 1] 24 0.017 s. [KIk, TAHEGM {EEF X} &
Y 5 SR8 2 2 T HLI e Y. Dh 2l o B AT
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b 2 AR 2 A AN IR 00N A 7 07 22
HE vT UG H AR S0 () 7 22 A8 R i 380 T 2CA )
I, 7 5 22 B0 B W 22 S, AN 22 e e Kk 3] 69%
JeAT, Ut WA G5 R B rh O Sl S 2 R 7
S, WD UL WA Db B0 R — S5 M AT =
.

WL 10 ~ K 14 AT RLUR L T3 2 A1 T3
3 LEARATAL XoT i 1 g 23 435 i B 1R 5% i LG 000 1K,
Tt B AN (] PRS0l T XX Wi 87 2y 246 138 PR 151 58 el 4, A
JAR .

5 g

X TP R v T e 4t K BE LR B 1) R
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— BRI Gk AEIEIERL L, 45 A R A
PN R RSN N RN LIV & N
20 T A B RIS S IR P R R . A
2 AR, Al B TP ) SR A PRAIE L5 R Sl
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