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ABSTRACT

The crack and rub-impact faults of aircraft engine blades are common dynamic fault types, and
they often coexist in a coupled manner, leading to complex system dynamics and fault characteristics.
In order to thoroughly investigate the impact of crack-rub-impact coupled faults on blade vibration
responses, this paper conducts vibration analysis based on the full-machine dynamic modeling of blade
crack-rub-impact coupled faults.

The main research content and innovations are as follows:

First, a component-level dynamic model of cracked blades was established in this study, using the
finite element method to build the blade dynamics model, and applying fracture mechanics theory to
develop the crack model. The breathing crack model of the crack cross-section was used to consider the
stress conditions at the four endpoints of the crack surface. The analysis shows that the crack depth
significantly affects the bending vibration response at the blade tip, especially when the excitation
frequency is close to the system's natural frequency, where the vibration response exhibits obvious
peaks. At low rotational speeds, the twice-frequency and higher-order frequency components of the
airflow excitation are more significant. At high rotational speeds, these components gradually disappear,
and the blade behaves like a linear system with cracks. The increase in crack depth has a considerable
effect on the vibration, especially when the crack approaches the root of the blade, where the vibration
response changes more significantly.

Second, the study further developed a blade-rotor-casing-support coupled dynamic model that
includes casing vibrations, and analyzed the vibration response of rub-impact faults. Additionally, the
impact of the coupling of cracks and rub-impact faults on the overall vibration response of the system
was further examined. In the model, the effects of unbalance on the rotor, airflow excitation, and
centrifugal forces were considered. The research results show that the crack fault mainly manifests in
the blade's vibration response, with relatively little effect on the rotor and casing. In contrast, the rub-
impact fault features are mainly reflected in the vibration responses of the rotor and casing, with less
noticeable fault features on the blade.

Finally, experimental validation was performed for the crack model and the blade-casing rub-
impact model established in this paper. On one hand, due to the difficulty in detecting crack faults
through casing acceleration alone, the commonly used method is still to directly detect blade vibrations.
Therefore, a vibration table was used to conduct vibration experiments on cracked blades, extracting
the vibration characteristics of the cracked blades and comparing them with simulation results to verify
the correctness and effectiveness of the blade crack model established in this paper. On the other hand,

since cracks in the blade often lead to rub-impact, blade crack diagnosis can be indirectly achieved
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through monitoring rotor-stator rub-impact. Therefore, rub-impact fault simulation experiments were

conducted using a rotor test rig with a casing to validate the rub-impact model.

This paper establishes a dynamic model for crack and rub-impact coupled faults, combining
theoretical analysis and experimental validation, revealing the impact of crack and rub-impact faults on
the vibration characteristics of aircraft engine blades, and providing important theoretical support for

fault diagnosis and health management.

Keywords: Aircraft engine, blade crack, rotor-stator rubbing, coupled fault, overall vibration
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=] 4000 =
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JHERAT R . AESLEERN b, ARTERED W 7RSS RSN DL ) 8 R B e DA K%
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B AT N
3.2.1 #FEhhEiRE

B RA T B SR [ R A UL SR T RSO . B B ECA 2 A
Timoshenko 22850, X T—NRHEIG, EHEAT AR, WE 3.1 Frx, BN 8E 6 1ME
. TR EE 12 HHE, 238 EHANTT SR 3 P E EEM 3 Mgk H

HIEE . MFEL R AR, AR B S ATY, (R R E iR T, %15
WU DA SO 2 A AR L A F A AR & AR RO 22 BB FAh T
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0 x i Sl.\ J S_ jx

22@ o

z S, Sy

K 3.1 #BTBorERl

20



R U TR R AR 222 3

Myn

'Y
1 F. zi ‘} y
=K —»
Fin M

K 3.2 17 RyuHe 1 ah A

By R2grna il 3.2 s, ¥riamiia. Sk e s RivE R, Wik T
A N AFEM M AL AT, B 1LG,m, Lo, AZ RIDGFA ST KR PERTR . A
OEAE . BIDIRCE . ORALL . FERNKRE . AR RO KRB Pl M Jaa o o A
TR ARSI E . AR B R RONETE T ATTENZ ) Mo MM, O
AT RIS 15

(L FaRFITiss) it

W 3.1 foR, SR TR ElmAN R, BT 6 ME B, ik, —
NETERA 12 AW H TR0 i EEAE T BUh A s i, T DO I Boks B9 H 5 R
7 SR TTAHS T ] R AR R IIE B T RE D«

(MTe+MRe)qe+(_WGe)qe+(KBe_KAe)qe :Qe G.D

A, Qo NI ANl My, Al M, 4351l 4 5 &0 B R T B P AR R s G, DA BEMR TR G 5
Koo NG MRS UIRIBERERE; Ko NEICRAMRIBERE RS o, AT g, R em
A R, B, e =[X0,Yi.2,0,.6,,6,.%;,Y,2,05,6,,,0,] .

YRGS . RISEAERE . BRI T R,

1) 2R TH R A -

M,, ]

0 My,

o 0o M, st

o 0 0 M,

o 0 -M, 0 M, W

L [0 M, 0o o 0o M,

Te:(1+p¢s)zx M,, 0 0 0o 0 0 M, (3.2)

0O M, 0 0 0 M;0 M,

o 0 M, 0 -M.,0 0 0 M.,

o 0 o M,0 0 0 0 0 .,

0 0 M, 0 M, O 0 0 M, 0 M,

0 M, 0 0 0 My 0 -My,, O 0 0 My,

1 2 J 2 1 2 J 2
W M21:§(1+¢s) ; Mzzzﬁ(l"‘gos) ; M23:6(1+¢)5) ; MZ4:ﬁ(1+¢s)
leé_i"'%(/’s“'%ﬂz ; MTZZ(%‘F%%“'%%Z“—Z ; MT3:%+%¢S+%¢SZ
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1

11 11 1 13 3 1, 1 1 i
—t—. +— —t+—p +— L: M, =—(—+—0o.+— L
210 1207 " 24 420 20" 24(/)5) Te (140 60 120(/)5)

B, B RRHB TR EN, G NBIUIRED, v ouiafatt, d ¥ HITlNER;
D R HITHISNEAR: L NS IT R o Uk SR R AR | R A SRR 3. B DI AR TE R 8 o
BRI AR AL A RGTET AR As i8R DU AR THEAS 2

CDsz)L : Mg =(

T4:(

|=£(D4_d4),\]=2|:ﬂ(D“_d“),%:LEIZ (3.3)
64 32 GAL
_TiN2 42 _ A
A*4(D ¢°).A = 7+6v ) 20+12v, Dxd (3.4)
6(1+V) 7+6v D*+d?
0 B}
0 Mg
0 0 M, it
0 0 0 0
0 0 -M, 0 M, i
v oL (LYo Me 000w (35)
(1+p)?lL){0 0 0O 0 0 0 0
0 -M,, 0O 0 0 -M, 0 M,
0 0 -My, 0OM, O 0O 0 M,
0 0 0 0 O 0 0 0 0 O
0 0 -Mg,, 0 Mg, O O 0 M, 0 M,
0 My, O 0 0 Mg O -My, O 0 0 M,
6 2 1 1 1 1 1
= v sE Mm:g: MRZZ(E+E¢S+§¢SZ)L2; MR3=(—%—6¢5+6¢’52)|—2:
1 1 |
—(—-Z@)L; 1 =]~
Re (10 2%) VA
fK, B}
0 Ks;
0 0 K, bl
0 0 0 Ky
0 0 -K, 0 K, i
KBE_E_?!X 0 K 0 0 0 K (3.6)
G |-K, O0 0 0 0 0 K,
0 -K, O 0 0 -K, 0 Ky
0 0 -Ky;, 0 Ky 0 0 0 Ky
0o 0 0 -K, 0O 0 0 0 K,
0 0 -Ky, 0 Kg 0 0 0 K, 0 K,
| 0 Ky O 0 0 K, 0 -K, 0 0 0 K,
AL? GJ? 12 4+ ¢ 2-9p
s : K, =—3; K, = ;o Kg = ;o Ko, = Y25 Ky, = )L s
ﬁqj z1 I z2 El B1 1+¢75 B2 (1+ s) B3 (1+¢s)
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6

K =
B4 (l—i—(ps

2) BERTTNIEERE R

)L

0
0 K, 0
0 0 K, of
0 0 0 0
0 0 -K, 0 K,
K - H 0 K, 0 0 0 K, i (3.7
U 30LA+e)*0 0 0 0 0 0 0
0 -K, 0 0 0 -K,, 0 K,
0 0 -K, 0K, 0 0 0 K,
0 0 0 0 O 0 0 0 0 0
0 0 -K,, 0K, 0O 0 0 K, 0K,
0 K, 0 0 0 K, 0 m 00 0 K,

ER: K, =36+60¢, +300,"; K,, =4L%+5° ¢, +25%¢,; K, =—L*~5¢p, —25% ¢, ;
K, =3L.

3) BEEITTIEMRHAE Y

0
0 0
0 G O i~
0 0 0 0
0 -G, 0 0 0 %
:L( r Jz 0 0 -G, 0 G, 0 (3.8)
° 15L{1+¢ ) |0 O 0 0 O 0 0 PR
0 0 G 0-G, 0 0 0
0-G,6 0 0 0 -G, 0G 0
0 0 0 0 0 0 0 0 0
0-G, 0 0 0 G 0G, 0 0 O
0o 0 -G,0 -G 0 00 G 0 G, 0]

Arh: G, =36; G,=3L-15Lp,; G,=L"+52¢p,-5°¢’; G,=4L"+5"¢p +10°¢.

(2) RIS poiEsh i

WAL mp, FREFHEBNBIEN Jaa, WIFEFBEN o, o NREIOEESN ML . FIFHL
1% B H 7R AT AL RS ARDA T [ g AR RS RIS B T RE N«

(Mg +Mgy)G; —oGyd, =Q, (3.9
R A d ARERNIMER A, HERERE XS0 (3.1 s 3. H,
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0 m, bl 00 X 00 K
M, = 0 0 m K ’ MRd:0 00 PR . 6, 000 Xt
0 0 0 0 000 J, 000 0 i
0 0 0 0 O 000 0 Jy 000 0 O
|0 0 0 0 0 0] 000 0 0 J] 000 0 J, O

(3) ¥erARgizshiife
o %5 Bt B e L NIPE A ST AR FEEA T A I B8 1 RGO B R . NI EEAE RS
DA BB AR . HIgsh iRl Rom ik

(M,)d; +(C, —wG,)d, + K.q, =Q, (3.10)

X, MNETRGMERTERR; KOV T RGEERIEIERE; G N Rat ik
FEMRAERE; Qe NHT RGN NFIFE; 0.0, 0 XAt BEMIIEE A E; C AT
ARG ERRE, AP CARBONILHIIE, BIC, =aM + oK, Hrh, a5 o %L,
A RS SRR 2.

3.22 HERE

PLUE R —FhFeiR i, —BORMZR T, BHERR DL i i 7o FRoe ikt AT @t . XA
HURASROHLEARER, HAREMGSE S, OiERAGHEMEEON0, 1, 2, S, HE2HHER
TIERRRS, mTIERMEN, RRARBESARN 1, 5 FMEY A EPESE, SR TR
ARG BT HAVE RN IRSIRES, SR TG R BRI AT, 55
TEMBARE. STk, HUE AT DUE 20 e RN (K R B e AT . AL, Aok
PRI AT . IS sy T AT LIRS N

M., +C.d, + K., =Q, (3.1

3.2.3 B EEIRE

(1) MR e it Y

&l 3.3 Js T R B ah AR R R, e e AT I 10 AR 2 E SCHE 3 T AR B R
o R I AR R AR RO O, el X R e Sl ik a7 1), Y BN SEET R, Z SRR
Jri e R IR CAE S AT 1 RLE, LA T B AR RON SRR A . SR
AsFR R IR A O AL T SRR E R L, SR ERARER FR R X BRI R e 1 E, I Y2
b J0) 73 39 Pk FRD R T AL 1)
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K33 MRk riEiorEl

FER TR RE T, A IR R AR AR R e B e T KA T R B A4 . Lk, i 1) R i
AT 5 B T AR RS R TRV SR AR B I (8] (R 3HEAS AN A AR AR AL, IR AR A 75 2L 3 2 ) AL A
ARWRAGIR . AEFIIIRZS N, R K R A A AR 28 W] LU i AR AR AR AT e X G 2. Bl
TR, M AR AR AR A T LIS I R e e 0 A BRI 2 S O T IR Ay
FERE 5 AARR R HOLRE 20 5 N TR KA R ST ML T AA B 2 B PH =) i A s 2% PR 46 o

A e 25 B T CLIB AR B ) e A PR AR o S8 B — AR b (R i e A P JE 3 5 (3.12)
o, i Ay Ay AGTRINGE XY, Z BieRE (KA IE, O, Oy, 00 53 5INSR XY, Z TiEkE (K
FHRE, el i FE AT 5 L8 A A TARRIEIN o 0 AR IERe i, (ERHR TR 7 e s fh ik 1277
AV, DUSRIE 05 7S 1 IR BERERE K7 Ao 8 IR I e i e M 2 Py A 3fe, - JRATTmT BA
5 2R L T A B8 28 B By JR) AR AL AR 2R B 28 AR . X T2 Tied , R SRR FP AR
B, U BEHFE R RSB AN 2 S et RBIIEFGIN . SR Y Mgkt , $eE 58 2 e
¥, mJnoel X, MAFHEEIRRN: T=~A-A-A

1 0 0 COS(Hyl) 0 —sin(Hyl) cos(6,y) sin(6,) O
Ay=|0 cos(6y) sin(6y)] A= © 1 0 |, A=|-sin(6,) cos(6,) 0| ¢3.12)
0 —sin(6,y) cos(6,,) sin(6,,) 0 cos(6,,) 0 0 1

FEREF—ANIEZI, W AR 22 S RT LA I8 Ik A S 1 e 0 B B THT A b ZR L 4 B (14 S 41
PR XGIE T EEAMEE (M. MBS MR, FUTE o drid e /& ZEA
T SR AR R R R . DA PP R AR SRARNS G R A, ARSI HRIRAS i Fr (R A bR 2R
() x B 55T AAFR RN Y BhE R, E KRR R OXYZ 5855 Y Hhjieds 90° , 433 rh[a] Ahhy &
O'XY'z", BEJEHALKR R O'XY'Z 585 Z1 Jied% 90° , 335 —rhiE bR R O'XY'Z, FHJS
L% 72 Hilel ot RIAT AR SIREAS I 20 AR R R T

W SR (A PSS, W88 1 M ISR — AT ST B kT R AT
W, EELRIE K, MRIENK, s BLBRNC, , FFLBHNGC,, » WM i I — AN ki
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B89 X Yia Zins Orias Oyias Ot » SEFENT: X Viao Zino Orias Oyia, Oy 5 86 THEHT 15 K R RS 40 00
MR 2T HIRLRS A X Yio Zio O O O » TEFER Xo Vi 2 Or Oy O » MIEFITESS | AN £
A1 BRI B Ry B M Mg Mig .
Fia = Kora (X = Xiz )+ Cory (% — %it)
Fw1::km2(yk——yu)4—cm2(yk——yu)
Fit = Kors (2 = Zig )+ Cora (24 — 21)
M = Ko (G~ By) + oo (6 — 6 (3.13)
Miy2 = Koo (gyk - Hyil) + Coo2 (éyk - éyil)
Mg =Ko (O = Os) + Cos (O — 011

TERARAFR R T, VERTERE FRFTIEMAT M k RIMER 77, Rl ik % e B e 3 2 5 1
Astr A, HARARAE Fao Fyo Fao My My My 0708

[Fao.FerFac | =T [ R PP |
[My My My ] =T My My M |
(2) 1ML ) Sk 32

ey SRR 2 [0SR 28 M3 E R RCe (k=1,2,...ND , BFEETHIE i AN A SHUEREE |4
R G EAE, HIER MR FNIEN kee, MFINIEEN Krear 1RIFIBHJE A Coe » fTRIH)E
N Crcyr WHETH I NI N: X Yri Zai O Oryi Orei s HFEN: X Voo Zei 1Or Onyi 1O 3
WL | AN SRR X Yo 1 26 O Oy Oe EFE N i Voi 2i O 1 Ocgi O o WM FHFEBE T4
Bi _ERJIR)5E Fras Fryis Frais Mrais Mryic Mrais PR AE FIZELIE S A j B30 1% Foys
Feoyiv Foiis Moyis Meyjs Mg e

(3.14)

Frx = Kec (XCj —Xg ) +Cac (Xcl‘ —Xgi
FRyi = ch (ij ~ Yri )+CRC (ycj = Vi )
Fra = Kac (ZCj —Zg ) +Cre (ch — 1y

. . (3.15)
Mey =Keca (ech = 0ri) + Crcy (Q'CX]' _‘?in)
MRyi = kRCa (HCyj _gRyi)+CRCa (QCyj _'HRyi)
Mg, =Kec, (Hch ~0ry) + Crca (0ch —6i)
T_ i (3.16)
|:FC><j ’FCyj ’FCj ’Mij 1 MCyj ’MCyj] - _I:Fin ’FRyi ’FRzi ! Min ! MRyi 1 MRzi]

(3) MLE-FERHIA] (223615 Bk sk

Xof T LI 5 FE At ) 2 B T IR b S CBy (k=1,2,...ND , WALIEEE i A7 s 5 56 a3
SCHERAHTE, SORIEBERFINIER Ko Keys Kezs FIFTRIEEN Keaxs Keays Keazo 12 AIEEZFAJE N
Cor Coyr Cos FIMIBHIENCy v Capv Co WIHLIEER | AT RRIAIAE N : X Yai 12t 1Oog 1O 1Oy » 3R
FEA: R Vo2 Ooi O Oy o TUNEFITERLIE S 0T LK R0 I0 555 5000
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Foi ==Ky Xi—Cq X,

Foi ==Ky Ya—Cy Vei

Foi = —Ke 24— C 2y (3.17)
M i = —Keox P —Cox P

Mcyi = _kcay Vi~ ay!/)cl

Mm:—hMQICM@.

3.3 HhETfriEiR
331 BEFAFEHDER

TER R, BT A A RN EAS, H B 55T &AM O dd B AP B 5D,
PRI AE K 2 B 00 T o] LA B 2B AT BRI, 7R3 i+ R 40 AN P47 5 R I AR 5l 1) R
I, HE U R O 2 e T B RS T A A g b IR A, R EE T
FAR R AT A 5], B LA b0 5 e O T B 5 o FEASSCHIAR B oAy P A%
e, B LHIBE Ny My, DR e, APEFEAIAMAL N O BehE 2 TR My, I
OEE N e, APHETEAIMEHAN O, .

TR E, BT HRED M ARG, BRARE R A0,
XEEBLO JIAT LU RPN 0 B — R U E S AR R~ TN B B, ORI R T R A 1)
. BT, HoEX RGN, EHIH SRR AT L2 AN . T
b 3 B R SNSRI E R R, B RE m R i 0 A e -+ S

X TR, HASPEEER 7 BB R 3 BT AR

{f§ =My €@’ cos(awt +d;)

(3.18)

ASCHERI R EERE 1, et 2 o3I T30 R0 5 AT 15, A, 20 (3.100 T X
BR 150 1A Qs B A TR 7109

Q= 2000 0 ff f 000 -0 (3.19)

B 15 51 1 T
k 0 ﬂ
3.3.2 §EhEEE

RENHEEAE R L, RS RN BB RS A R AT AR AR . Y
TAET 04, AshE s Ee AR, e s Sl 2 R (ELRTAH S PR A
Mmo&ﬁﬂﬁm%%ﬁﬁﬂ,ﬁﬁ$%M&ﬁE&

PRIk, A ERRE7a] UH LR AR R :
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F.. = A cos(EO-2xf t + ¢) (3.20)

Hoepr, A CHSEEGTOIRE, EO FRRENEMT MK, ¢ NWIAIIARGL A . SR ITEH
FEREAN AR E I E, DI, 30 (2.29) Fi) SCHER /151 A& Qe B8 IR 71

LR LIRS A }T

Q¥ =10 Fy 0 0 0 00 Fy 0 0 0 O (32D

333 BILER
P LB B0 S PO P BT, T LR I 457 5 B B R BRSBTS
J 8B M ABTZINEL G I B S (214) WTERRA:
R =po’]l, (Ry+1)bhdl (3.22)
Horr, S g AN BB AR A BERS, 3X (2.19) TS SCHAR I3 1 Qg L
EHEL TN

L NS 1 T

Qs=1Ff 0000 0-F, 00O0O00QO (3.23)

3.3.4 HliEEIREY

BRI R BIHLM F S ML RE BE R, A SCR A —Fh S THLEARE AORE AR, A R e
2 R8I e 1) IR AR RIE BE T RS2 o 1] 3.4 i — HLIERE BEAR Y, WA cor, T E] B
A2k c(6), Frb oupLE B f L, REEENIEE S ke, BEHEREON .

Ya
C A : Ft Fn
: : /
: : /
: 9» ~. | -7
0 21 '
(a) il 2 ] Bt s i P& (b filf BER k7 35 ]

3.4 HEEERIRDR K
TESLBR RS R P A 25 e TR 8, e Rsh R i & =B R sh LU LI
WEFEERS, M SHLERREEE S, FEONERE TR mRSI CLUCREEE, FT DAE A 55 ) 5
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P L R R AR 22 AR S

WL Sy 2R, s T Rzl . AF 5N THLRIRSX — A &

TE LI, WS x S I AR RN 6, =0, [REIER R M L FRREN N
(Yeo 20, WRIRANTER: TARR R FIINIRE N (Yo, o) » FTRAMFRIINIE (yip, zap) FIRIR
N (yrtyo, zetz) o BREE, HLEIRSINIFEN (Yo, 20) « TEME O, 4, MBI yc(6,) . N
TE %I, R SHLER SRR AW A Tip— T >C(6) o WA R REAE SR PR, AL
FEJIRZE s A R SR AT R A BE N, BV )y RE BE ) [v) g ik SR AR AN 1] 3.5 BT

{rm = Yyp COSO,; + 2, SiNG,

N r, =Y, cos6, +1,sin6,

”iﬁgéw : > b s oy | A =K () IHREI ST HIX,Y
i > tipi — i i YIFIREREJ): F = f Ry = i (G — 1) PG
ci’  tipi

ﬁ_/

- J
] 3.5 flf BT SR
A D EE A3 A) [0 R EE ) 7T 6%
F, =k, (r, —c(8,),F, = f Fy = fk.r, (324
RS R 6 RN, (RSE SIng, ~ Y, , AR T A B RIREEE Ty
Fo=-FR-FYyF=-FY+tK (3.25)

1113 PR AL AN e - R) o T M i AR 28R, BT DA AT LI I e 0 9 o Py BTS2 Rl BE 3 F) e A
A2 B BIHLE AR AR 2 T

3.4 IRESY

Kl 3.6 s T ARSI I TS AR R, FEARER T HEMXHERG =
KISy o BT A BB AN — ML 22 SRR, Lrhydi 22 B Py mldE s el # 5 FE LA E
e, TN IR, AN P AIRERHL Pa o FIRLELGL S R BIHL I RS S
Wi S, MUEIR A vI g0 g5, Bk AB. BC. CD. DE. EF, FG fllGH, &<
AR, AR CRALIF 45 M AR [ P AN B At o e 1 SHLIRL 2 () AN SOk R GLEAT
HRE, AT SCK RCLMIE 3K RC2, Hrprfi Sk RCL R AR 14K, )5 3K RC2 N
SRR ER A, X W Rl A P G B A OO T T e R R AR B . Sk, LI 2
filt 2 R BEE T WANSORZESE, 43 CBL F CB2, F THRHULEHAMKISTIE ST, WA RS

FaEIBIT
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K 3.6 # ikt i

34.1 HTEESY

P n UHZ IR R AR B n] or o 12 M7 BL 3R 314t 1T BE AR DL LA
bro FEET X500 16 ANHTT, RS FITHIMBE S HUE B UL RIT RSHE B A% 3.2 Fios. X+
16 MRITH A 17 AR R 33 IS UG B LA 7 IR E, R 35 M i
FOERAE BAR 3.4 MR HRKIERSH

R 31 F TR

5 AL FRImm AhEImm P A2/mm
1 0.0 19.0 0.0
2 22.0 19.0 0.0
3 55.0 21.5 0.0
4 138.0 24.0 0.0
5 166.0 27.0 0.0
6 223.5 28.5 0.0
7 244.5 30.0 0.0
8 753.5 35.0 0.0
9 795.5 30.0 0.0
10 838.5 25.0 0.0
11 868.5 20.0 0.0
12 892.5 19.0 0.0

K32 HTHITIMBSHU AR ER

s SR B Pa HiREE KE/mm % (kgim®) - SH2imm e pyfE/mm
1 2.07x101 0.30 22.00 7800.00 19.00 0.00
2 2.07x101 0.30 33.00 7800.00 19.00 0.00
3 2.07x101 0.30 83.00 7800.00 21.50 0.00
4 2.07x10% 0.30 47.20 7800.00 24.00 0.00
5 2.07x101 0.30 38.30 7800.00 27.00 0.00
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#3.2 (8D
6 2.07x10% 0.30 21.00 7800.00 28.50 0.00
7 2.07x10% 0.30 84.80 7800.00 30.00 0.00
8 2.07x10% 0.30 84.90 7800.00 30.80 0.00
9 2.07x10% 0.30 84.80 7800.00 31.70 0.00
10 2.07x10% 0.30 84.80 7800.00 32.50 0.00
11 2.07x10% 0.30 84.90 7800.00 33.30 0.00
12 2.07x10% 0.30 105.80 7800.00 34.20 0.00
13 2.07x10% 0.30 21.00 7800.00 35.00 0.00
14 2.07x10% 0.30 43.00 7800.00 30.00 0.00
15 2.07x10% 0.30 30.00 7800.00 25.00 0.00
16 2.07x10% 0.30 24.00 7800.00 20.00 0.00
* 33 HEER
T EhRE WoEE TRIE R WRAT
Frg B
IRIP=8=1 kg /mm (kgem?) (kgem?)
1 JE AR 5 9.1 0.1 0.0225 0.0446
2 mEe At 15 9.4 0.1 0.02518 0.0536
* 3.4 MR SEEEREER
Kort Kico K2 Ky, Ko Ko s
1x107 7x107 7x107 1x10* 1x10* 1x10*

342 HERESH

* 3.5 JNLIEA R R A5, BRI A — O AN E A AME IR B S B B R
& 3.6 NHLHE TR RS R 2 5.
3.5 HLIEARE ]

5 AL FRImm AhEImm P A2/mm
1 125.7000 350.2000 346.0000
2 270.5000 350.2000 346.0000
3 401.6000 279.0000 275.0000
4 442.6000 279.0000 275.0000
5 585.6000 350.2000 346.0000
6 863.4000 350.2000 346.0000
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FAPERE R/ KJE/ wEl st g
5 TEFA L
Pa mm (kg/m”3) mm mm
1 2.07x10% 0.30 72.40 7800.00 350.20 346.00
2 2.07x10% 0.30 46.40 7800.00 350.20 346.00
3 2.07x10% 0.30 91.60 7800.00 350.20 346.00
4 2.07x10% 0.30 65.50 7800.00 314.60 310.50
5 2.07x10% 0.30 41.00 7800.00 279.00 275.00
6 2.07x10% 0.30 71.50 7800.00 279.00 275.00
7 2.07x10% 0.30 71.50 7800.00 314.60 310.50
8 2.07x10% 0.30 92.60 7800.00 350.20 346.00
9 2.07x101 0.30 96.30 7800.00 350.20 346.00
10 2.07x10% 0.30 64.00 7800.00 350.20 346.00
11 2.07x10% 0.30 24.90 7800.00 350.20 346.00
343 F-HEAER

Fer SHLE Z MRS 30, 38 3.7 N7 SHLE Z M FERZR S, R 3.8 Ak T SHLH
Z IR BERT R A5 B
R 37 FT-HUEEZESH
XAz mpIEE X Efzla e Y AEENIE Y [EfEF e

4
Ko/ (N/m) Cod(N.s/m) Key/(N/m) Coy/(N.s/m)
CB1 1.0x107 2000.0 1.0x107 2000.0
CcB2 2.5x108 2000.0 1.0x107 2000.0
3.8 Hr-HLEEB SR R R R

HFR i HLIE T

RC1 7 3

RC2 13 10

344 HE-EMRETERER

% 3.9 LI -FEbh ] 22 E RS, K 3.10 LI EEAbE e B ERT KR
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% 3.9 HLIH-FLAL 2 35T SR
X FfEmAlE X rgm ke Y [aRmENIE Y EAzE e

YFK

Kex/(N/m) Cox/(N.s/m) Kcy/(N/m) Ccy/(NS/m)
CB1 1.0x10° 2000.0 1.0x107 2000.0
CB2 2.5x108 2000.0 1.0x107 2000.0

R 3.10 HLIH-HERK 223 1R R R

AR LI AR HLIFYT
CB1 PR 1 3
CB2 HLIERER 1 10

3.5 MR-HE Al BRI 574

N T BN B SRR, AT CAZENLIE (R A B B R A A . ORI 6, b, TR
NC, FHAEBTEREINH R RZRECREIIZALTE, WG D, TEAN A fEE L1 [H]
BT =0 (3.26) 1. Hi0<0<2n, AFTNESEREWMT: Dl 7mm, CIKEN
7.1mm, , Al EENIEE R BN 1e7N/m.

D, 0-6,|>p
c(6) = ma—a)} 0-0|<p (3.26)

D—C{05+05am

0 i 2 3
MU [ & £ FE /rad
(a) MIFRE (b) [AIKZ KK

P 3.7 Fill AR [ 5 ]

35.1 BaniERIEHE

B SEHEAT B R EE R I, O FO R R B A R R B AT B 2 S A AR AT S . A IR
HAEJE T ¥ T AT B B A Fr £ 88 0 AR R IR R e S BN 0, =72,
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Bl 3.13 JALIHAR [m] 7K1 77 1e) ikt B 33 DA K SR O B, v BUE 3 J B4 0.01s
X5 SR EECEALIE B b B — 80 IR AR S e A R AR R . ARSI
o, HI T R R s (100HZ) AR50, [RIINF, I8 f I 0 2 I DL A 3 R
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