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Fig. 1 Theoretical model of sound solid coupling system

SR 2 B 1 ST WO £ %0 [
ARG AL AT

o5 (u)+ wpsu; =0, TEQH (1la)
oi(u)n; =1, 7E9QsS | (1b)
o,(u)n} = pn!, > - (1c)
ap}_ =w pru-n’, w> E (1d)
dn

Ap+ © =0, TEQH (le)

2
c

Horp, 30 (Ta) i 31 45 4 Joy 38 1 5 05 72
o, (u) RAREERIRLTT , 0 RN IR B AR, o5 T 2
g o 5 B, w, RN A A1 A% 5 3K (1b) R 454 2 Sk
GV 6 R 0 A7 SR R ) SN SR AR T A
[i] ] 5, £, FR 7N G5 H R0 BT 32 A1 J1 5 (1) R 4t
32 PN HB S 7 R I B8 ) S TR SR ] SRR
AR 2 TV 1) fi) £ 5 32X (1d) s A7 O 18 R 3 3
ERTCHE B RO or TR TR R E 5 (Te)
AR P YT R ¢ F A b

IR R T (u, p) WYX

2

1

7] Vp+Vopdr — w?J popdx —

[OF Qp 101:(‘- Q
wzjyu'nFBPdGZO (2)

A Sp RSy, do KRR B TT , dor KR
I ATT

R A BRITT5 2 08 b3 75 AR & RGT AL 50 2%
A E AU IC R B A A2 A2 [ i U, 48 NS 45
F A B (N> 1 454 YT H BRI N, A 3% 452 1
FOE ), B O i 7 TR ) 3 p, 15 NS 3 H
L -

| a(we(ou)dz = sUT KU (3a)
J psududr = U MU (3b)
1
p—J Vp+Vopdr = 5p"M* p (3¢)
1
J popdr = 5p" K" p (3d)
orc Yo
J‘n‘pBu-anajb‘UTCp (3e)
J ‘fd-audJ:’SUTFd (31)

X oy, ROREERNLT) 56 ROREERI AL
A R E G RG g A ROt B B R

T I 3 i B 32 B0 5 A

5l R

N wl| . N = (4)
0 M*|p c' KY|p 0
Ao KA M® 5y 50 S S5 AR 0 W EE R B R BT
B, SR N X N B (8 1F 7 J 5 KR MO 300 s e 1
7 375 8 DR AR AR B AR L D N XN B Y T E
Wi i C 3R T 250 R0 N I S S RS AE T,
N XN B B 5 F S S0 5167 1 6 £ B g Ak I
3, N 4E Y 1)

2 FERARGENSERTEETIE

AR 0 08 G e A, SR I8 B T AR A (70 3¢



Bal

BEATAE A 1T DA S SR R P i A e 4 22 A 4 R 1017

B FH BT 25 MBS X 75 (8 B R G0 ilE AT A A
a5 A BIBER R I RS is s R .

B 25 F4) v B [T RE A 20 5t (Boundary ) 15 55 7
F% RN 25 #4 3% 32 18 (Junction) 7 #5 7 #8 2 A1 B 45 ¥4 TN
PR RIS Ry w® S AR EAR T B  S R h o, 7

RS A i AT SR AL o R pt, B
uS
o e
P u

WA RGN 04D T RG2S 6] /Y
AL RS T R O
*KSS KSJ KSB 0 u
KJS KJJ KJB 0 u
KBS KJB KBB . CBA u

0 0 0 K* J|p
Mss MSJ MSIS 0 N u
MJS MJJ MJB 0 u
MBS MJB MBB 0 u
i O 0 pOCJ\B MAi p;\

A BAR ST, B, A RGN T REL
Ay ) T 2 TR P IR A 0 SRR S R R G5 00RO

PR TR R

=0 (6)

2.1 ZEHKEE R EAES R4

RAETHF LSRN o T LUEEZ R =
BB 4 BN B, — 2 B 1T B R R R TE 45 R P R
H B A B e A A RS, R A R T
Mo FSA R, I mm ER A Ao Er
{f‘L*Z:
=@ —(K®) KV —(K®) K%u" (7)
AP @ HE R o FAEME A BRI, PR
AT N, B TR 15 21 09 B 5 B 5 ¢ i AH N )
TR B BT A T 4540 % B2 1 [ iR AT A I A
B [ AL P ] 55 T 4549 A AT Nso, B EBLA
ARG KRN

us D5 P ws qS q
u’ 0 T 0 0]l u
~ =T
u® o o 1 o« 1wt (8)
" 0 0 0 TIp" p

AP I B A RS WY = —(K®) K,
7R 4 3 3 T A RS W = —(KS) KT,
I 01 20 0 7R ad', u® 0 p™ 6T 07 24 550 %) PR A7
T Fom WA I

2.2 HHES X R EESRGE

22 1 B — U I B TR AR AR L MG R ST
R ¥4 R X 8 R R ) g

M M3 MY 0

Mrjls Mr.ll.l Mrjl B O

M M MP 0
0 0 pC" M*

(9)
K° —
K, TF': (\::| T =
0 M

K3® 0 0 0
0 K KY 0
O K.T]B KI]H’: . CBA
0 0 0 K*

Kt MP=(0°) M¥®° K =(0°)' K*®°,

MUK 43 59026 7% 5 8 g A 965 280 i 4
TR A 5 5 40 PR ) T N, 7 2 26 ) 0
L O R I 3 A B S 5 4
P R B o 2 R S R M K L
IR, 77 48 0 A0 5 010 4 903 i 24 ok A
B M RIKS I

—o'Miu'+ Kiu'=0 (10)

Kh g RN U FEI R A o' = @',
My =M"+(Y ) MW+ MW (W) M,
Kl=K"4+(@¥)' KW 4 KBS (s )T K5

SR MR K T 45K 38 B R R G
T L5 30— Y G 05 1 R 56 9 vl % g ) 4 1T
H N BB A5 B N, B B 1 I, A B S
SV @, B4 S0 T A A I L 46 B N, XN,

A TR ZS @ A 3 A 4 4% K 1 34 iz 1 49 14
SR A6 4 R 4 0 T 51 A 4 1 Y
SN IR S 4 S R S S T g ] i 4 T £
R AIE R 2 5 1 X T 220 T - 55 4 I 0 % B 56 R LA
M.

% H— YO S R A R G, S T4
4 7 TR A AL T T4 0 R 06 R T UORI )
S TR A U Oy vk b A 3 T LS
P G A R E T O B A R KR O AR A
—(KJ) 'KPighwr.

AR BT AT 7 A LT F 6 R AT R
TR AS AR B N 9 485 43 7 35 1 Eh 22 0 85 4 ]
RGN, B £ A RGO TR N



1018 & & T
] [r~ 0o o of¢ ¢
] ] B ] ]
uB ~ 0O @ er: 0 (1) —7, ‘1) (11)
u 0 0 1 01 «" u®

BB RS E SRR A Ty, 43 56 IRy
IR AR A RS is s TR N

qs qs
q q F!
TzTKrsz - wZT;Mr1T2 - T2TT1T|: :|
u” u® 0
pA pA
(12)
A RGAH AR R
T T_ MS 0
M,=T,T, PoCT KA T.T,
kS
K,=T T ﬂ T.T, (13)
L0 M
M
Fo=riri| " }
L O

TUURIRAR I, A% T AR A PR R R AR X &
AT 43 1 75 [ R G 32 9 (Boundary ) 45 s 4 B #4745
AW TN BT AR R R

SRR R S AR T B4 7 AR B A5 A Y
IR 2 07 B2, DR B R Ny, B R0 25 1) 4, 75 21 53 52
GRS S B @ Wl 4 B T s, AR LAY ) SO 25 7R
RN N ¢ ORI R A R TR AR
N, W25 K8 N3 FHBE N, B 445 A 18] 3% H2 181 A H B2
I N, Bt 75 1A 5 2 3 100 i A R S AL
ARIRN -

s B s

7 ™ o o of?Y q
J N J J
o q q
zB = 8 I0 <1(>)B 8 ¢ | o q" e
p Lo o o 1M »
A RGUAH AR R
T T T_ MS 0
M,=T;T, T, {OOCT KA T.T.T,
o K5 —C
K= T.'sl TzI Tll 0 MAJTszT:a (15)
: d
Fo=TIT5T] ﬂ

2.3 FFEEBHTFEMRSBSE

H T 2 A 45 K 2 18] O 55 A B A i R
SR AP SRR el AR S 7 AR ASUER B RN B RS
Ti] F5 ZH R 25 A [ @ RV A HE P T 220 P o A
B A A R G ALRE AT R RN

ERE 55 36 %
| o o o] g
J J J
q N q q
B ~ 0 ! E) 0 B =T, B (16)
q 0o 0 IV 0| ¢q q
P 0 0 0 @‘g" 7
A 5 B RE A R G R R
AI::7”7”T”TT_AP O_y‘TyxT
rd 4 L3 L2 l_{O()CT KA_ 1424310y
. [K® —C
KM:7mTanT_O AIJTJXRT4 (17)
r d
Fu=TiTITITY ﬂ
WA G RS RGN
qS (1%
qJ ql
K. B _CUZMA B =F, (18)
q q
q\ qA

25 3k DU OB AS D A IS O AR Y B (Nt
Nyt Nuy, Ny 3 /N F 380 456 15 09 56 B 7 B2 By 4L
(NsstNy+ Ny tN o ¥H R Gz 8 7 12 B Bk
N (N R VT 0 B TR B RS
7 RS RGN 3h 1 2R Rk

R SRS AR AT

EZE BUSE SV RS IR =Y NG S 7
B2 A It T 24 SN 80

A IR 20 A K A I R R R R . A

o ” Ksﬂ Pﬁ o}
mmﬁ#¢ﬁﬁmwﬁ%[o IS L e

R 3 A o AR . KA BUEE 4 S Y
T ZE R N () (B AL B 1 (o)) [ RR G 30
F(u®) FUN TR =R (p™) o

R A E R B AR . SER BT A A
FH 4 2l J5 B A ) ] R v R A R B @ F AR R —
BB PSR i T 25 W VRS WY R WP i R A
[ AL T A 285 o 0 24 SRR A A B D i AR B T

AR5 7 [ B R AR D 4 A b TR F
PR R AR AR S R 0 2y S AT LS @ F @
BN T B RN T A5 O R W] R R
[E6] 2 T ASS 285 A 406 v A5 3] 2 SRS 1 s 4
M T,, T,

B W6 H 245 MBS . R 7S BLASE
[ R | D

BT WA BRI AR B . 2R DL B
a5 A4S BN B ARG T = T T, T T, % 3% AR A
RUHEAT I 47



55 4 ) BEATAE A 1T DA S SR R P i A e 4 22 A 4 R 1019

3 ETZEESAEEENBERSR
B 1 F S
3.1 AESAREERTEYEY

FE ST SR () — B = v A R RS T A AR AR 7 1)
BRI E] 2 7 o

B LA RS E
TRETS
L 1) 1:1

S
S
e
-

B2 HSRES AR Ly R
Fig.2 Geometry dimensions of building structure model

155 AU rf A B ) s AR L] ROSF 28 5.8 mX(4.8
mX2.5m, 55 REERE 0.1 m, BEA SR C30 8 5 iR
B+ MORL % o = 2300 kg/m”®, 3P R A
E =3 X 10" MPa,JA# Ltk = 0.18,

FIFH ANSY'S #1437 AT B oA, 9 43 #r
YRR . 1 SE R AT AR JC A BT, S X L
THR R B, 75 [ R A B (B — ) BT RSF 2 0.5 m
A10.55 m A9 3R 22 /N T 5%, R T AR IE 25 5 o i 1 1Y)
[Fi] BsF S J0E 95 A% %, e BB T RUSF Ol 0.5 mofk
3508 o BT 37 A A BR OGRS A IE A 22714 4S5 f A
5374 4~ HuJC , AL 45 526 4~ SOLID 187 #1760 . 1824 4
SOLID 186 550 ( F T X 4% BE #2450 ) Fi1 3024 4~ FLU-
ID 220 370 (X i A ) .

Xof 3 SR DV 8 M Al 30 % it o [ 1 B 2% A 2
SR, A Rt R 2 S 1 Sy 7 RS G v, SRR 1R
A BRI Y [ A AR £5 8] 65 Hz LLF YT 33 B [ 4
BRI 1R .

*1 HEBACEEHE

Tab.1 Natural frequency of sound solid coupling
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Tab.2 Natural frequency after reduction of structural

system
MR BR/Hz |8 BR/Hz || B8 BE/Hz
1 21.76 11 39.44 21 57.11
2 21.87 12 39.56 22 57.55
3 21.88 13 46.49 23 57.92
4 21.99 14 46.49 24 58.83
5) 29.49 15 48.79 25 59.13
6 29.85 16 48.87 26 59.51
7 35.67 17 48.99 27 61.38
8 37.43 18 49.07 28 64.41
9 39.04 19 51.07 29 65.43
10 39.14 20 56.63 30 67.86
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ke S /Hz | B $R/Hz | s SR /Hz Tab.3 Naturalfrequency after reduction of acoustic system
1 21.76 12 39.56 23 57.94 Wra  BE/Hz || g BIER/Hz || Brge BR/Hz
2 21.86 13 46.42 24 59.01 1 21.78 11 39.50 21 57.57
3 21.88 14 46.42 25 59.19 2 21.88 12 39.60 22 57.97
4 21.99 15 48.77 26 59.71 3 21.91 13 46.40 23 58.84
5 28.23 16 48.86 27 61.31 4 22.02 14 46.41 24 58.99
6 29.60 17 49 28 63.78 5 29.46 15 48.83 25 59.52
7 35.63 18 49.08 29 64.41 6 29.48 16 48.92 26 59.75
8 35.89 19 56.32 30 64.85 7 35.64 17 49.04 27 61.61
9 39.04 20 57 31 64.94 8 35.64 18 49.13 28 64.51
10 39.10 21 57.50 32 65.23 9 39.10 19 56.57 29 68.75
11 39.45 22 57.91 33 66.82 10 39.17 20 56.98 30 68.75




1020 & 3 T

i
1k

i 55 36 &

Zead R RS BT RS R SR N A R IR
(9 F1ER B A 14650 F8 O 40,082 T 99.72% , L E i
BAE CPU E M 8 2.50 GHz Y38 HL - se 8t , Hoit
SRR 22 0 LB AR 3R 4 T
R4 FEABEEETERE
Tab.4 Calculation efficiency of different reduction degrees
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Hybrid mode synthesis strategy for optimizing vibro-acoustic
characteristics of building structures

HUANG Xing-rong"*, YAO Yi"*, ZHANG Da-yi"*
(1.Sino-French Engineer School, Beihang University, Beijing 100191, China;
2.Hangzhou Innovation Institute( Yuhang) , Beihang University, Hangzhou 310023, China;
3.School of Energy and Power Engineering, Beihang University, Beijing 100191, China;
4 Beijing Key Laboratory of Aero-Engine Structure and Strength, Beijing 100191, China)

Abstract: The vibro-acoustic characteristics are very most important in evaluating the living comfort and the service life of build-
ings. Therefore, it is of great significance to optimize the vibro-acoustic characteristics of buildings. This research has considered
the building system as a coupled fluid-structural system: the structural part is a rectangular structure made of concrete material, and
the fluid part is the cavity inside the rectangular structure filled with compressible air. In this work, a hybrid mode synthesis strate-
gy has been developed to analyze the vibro-acoustic characteristics of buildings: on the one hand, the branch mode is introduced to
develop the hybrid mode synthesis theory, and the corresponding reduced model has been built based on the fixed interface mode,
branch mode and free interface mode, which greatly improves the analysis efficiency of the acoustic-structural system. On the other
hand, based on the reduced model, an optimization strategy by minimizing the Sound Pressure Level (SPL) in the cavity is devel-
oped, and typical focus include the quantitative relations between the SPL and the thickness of the wall along with floor-wall con-

nection stiffness. This work aims at providing an efficient method for optimizing vibro-acoustic characteristics of buildings.
Key words: acoustic mode ; acoustic-structure coupling; hybrid mode synthesis; fixed interface mode ;branch mode
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