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RESEARCH ON RAIL CORRUGATION EVOLUTION AT
THE WELDED JOINTS OF HIGH-SPEED RAILWAYS
BASED ON TRANSIENT WHEEL-RAIL

ROLLING CONTACT

ABSTRACT

Rail corrugation is a periodic non-uniform wear on the rail surface.
Rail corrugation of high-speed railway will cause strong vibration of
vehicle-track system, resulting in looseness and even fatigue fracture of
structural parts of vehicle-track system, which seriously threatens the
safety and operation quality of high-speed train operation. It is of great
significance to study the causes of rail corrugation and put forward
prevention methods to ensure the safety of high-speed train operation. In
recent years, the wheel-rail transient rolling contact model based on the
finite element method has been widely used in the research fields of
wheel-rail contact mechanics, wheel-rail damage and vehicle-track
dynamic interaction due to its advantages of considering the real contact
geometry and not requiring the assumptions of vehicle-track multi-body
dynamics models such as steady-state contact and semi-infinite space.
However, the traditional wheel-rail transient rolling contact model has the

disadvantages of large initial disturbance under high speed conditions,
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difficult to obtain stable contact solution, large unit size and high
computational cost, which limits the application of the model in the study
of rail corrugation of high-speed railway.

Based on the Lagrangian/Eulerian description method, an improved
wheel-rail transient rolling contact model is developed in this paper. The
improved method overcomes the shortcomings of the traditional model
and can realize the simulation of wheel-rail transient rolling contact
behavior under high speed conditions. A rail profile updating strategy and
a rail surface wear calculation model are proposed. Based on the
developed wheel-rail transient rolling contact model, the causes and
dynamic evolution of rail corrugation in the weld zone of high-speed
railway are studied. The following conclusions are obtained:

(1) The performance of the traditional wheel-rail transient rolling
contact model and the improved model in this paper in solving the
wheel-rail transient rolling contact solution under high-speed conditions
is compared and analyzed. The results show that compared with the
traditional model, the improved model can quickly obtain a stable
wheel-rail contact solution, and its convergence speed is basically not
affected by the vehicle speed. Only a dynamic relaxation zone of 1250
mm is needed to obtain a stable wheel-rail contact solution at a speed of

500 km/h.
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(2) Based on the improved wheel-rail transient rolling contact model,
the dynamic wheel-rail force and dynamic wear changes under weld
excitation are studied. The time domain and frequency domain
characteristics of wheel-rail force and wear are analyzed, and the
relationship between the transient dynamic response of wheel-rail
induced by weld and the initial corrugation is discussed. Frequency
response analysis and modal analysis are used to explore the resonance
modes related to the formation of initial corrugation. The results show
that the rail weld will stimulate the dynamic interaction between the
wheel and rail, resulting in dynamic wheel-rail contact force and dynamic
wear, resulting in initial corrugation. The rail corrugation of 150 mm in
high-speed railway is caused by the vertical vibration of the rail relative
to the track plate with the frequency of 543 Hz excited by the weld.

(3) Based on the proposed rail profile updating strategy, the
formation process of rail corrugation during multiple passes of wheels is
simulated, and the dynamic evolution law of rail corrugation is studied.
The results show that with the increase of the number of times the wheel
passes through the weld, the rail surface will gradually form a corrugation
with a wavelength of about 150 mm. The wave depth increases with the
increase of the number of wheel passes, but the growth rate gradually
slows down. The weld depth decreases continuously and moves towards

the driving direction. The position of the weld has a certain influence on
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the rail profile and corrugation. The reasonable selection of the position
of the weld can reduce the depth of the corrugation. The development of
rail corrugation can be significantly inhibited by controlling the weld
wavelength in the range of 30 mm. Properly increasing the friction
coefficient between wheel and rail is beneficial to alleviate rail
corrugation.

(4) Based on the wheel-rail transient rolling contact model, the
wheel-rail transient response excited by rail corrugation is studied, and
the influence of corrugation wavelength and depth on wheel-rail force is
discussed. The results show that the corrugation will stimulate a strong
wheel-rail action force, and the wavelength does not have a simple linear
relationship with the vibration amplitude of the wheel-rail force. When
the wheelset passes through the 65 mm wavelength corrugation at a speed
of 300 km/h, the vibration frequencies of the wheel-rail vertical force and
the longitudinal force are the same, but the phases are different. When the

grinding depth reaches 105 pum, it needs to be grinded.

KEY WORDS: Rail corrugation, Wheel-rail transient rolling contact,
Wheel-rail dynamic response, Rail weld, Formation mechanism,

Evolution law
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SR i fe AT B BEIN 5h 725 20T, Abaqus/Standard SRR IX 3EAT Ba R BFIN 3h 780 H7
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2 T
At —=—+ (2-4)
a T

XH, o ARG E RS, Toh RGR/NE A IR0 I, AR SCpiAy
[ SN A HS B9 1.513%107 s,
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2.3.1 RGHIRBIRSIR TR A
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HiN DLERTS PGS D AL B SRR HES | |
E3 HERIEL i = PR 2 Peiasma REERT |
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BB AL I IRIE Y 1 KN I AT ACIE IR 5E, SRR AL St 751248 200 km/h A1 300
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(a) ML N ) E, B 2-10 (b) ARMMBIVIN 1Al i,
RIS T IR AT AV [ Bt B 73 A B IS A BT AU S A B 20 A L 7 AT
DI FIAE N T b DL X o RO R o A o AER TR b, Bfd N 7y AN BY I A7 2
RS IR, ARSI A — NIRRT 55— RSB , IX R RO 2R 48R
ENF AR 47 AW K. B 2-10 (o) #IR T ik Bz fil)s ) F 8T Y] 8 7 78
N _E R AR, A A A2 09 14 mm. K] 2-10 (o) FIFERTLAE H
Ffid N 7 AN TG LI A AFE R o2 S BN BR 341 5K KBt N 73 AN BY 1 A7
LTER RO b, 430 1335 MPa #1324 MPa.  #& HT R A3 BT D) R AN
FAEERE X, BRI N BONRE X, X SR ) 22 B PR i 45 R A7
FEZEST
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10 8 6 4 -2 0 2 4 6 8 10
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1200 - L A BN
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S / .
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\R // \.
é i o %0 \
Z 600 - ° |
‘3_{\ , ". ‘o |
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& [/ o
B I o
300 [ sasbba, \m
{ R
J¥ A
N f A
15 10 5 0 5 10 15
2 1) B 3 (mm)

] 2-10 SBBAIEMR: (a) WEFHEMEA, (b) BRI,
() B N2 7RI R 3 1 G\ 1m) 73 A7 B4R

B 2-11 %0t BL 300 ke/h AR5 B2 VR D' M AN U S8 B0 2 1] ) P AN TA] 7

Fu ARG, b 2-11 Ca) D3 1) Sy Mg ) g 76 5 () 4k b i AR AL e, [
2-11 (b) A1 (o> 23l JyFE ) Sy gk a) Jy A &l . anf 2-11 (a) Fos, A
TR b BRI S), FR KA B A B . 5 5] 7 O ME AR T T
B MEHIAERURLE 77 - T [0 JFERIERBT BL (0~250 mm) HEMIBs), HE
N A ) A R TR SR UMK W HME, 1K 2 BT 3l A E i 5 a4
fulfp 2 ) 22 3 S EURWIEE BN . AT, ASCRA BT A, SR ERAR IR 610
ENFXS TARG I TT R 20N, AE— DML EE N (650 mm) 2 7] ) (W] 46K
IR IRAG AR B, AT At 900 mm KB AR IX C 2.
BEAt, GhIE J31E 0~650 mm PIZ T KB4 5] RECBUE(E, 2 EIRTT#E
TARE o T[] JJ P th 2R BE A (1 R AR R R, RIEE W) kBN 4 AR
HE, PRGN, 1R T4 B R 3N 70 B 7 2 S s B RE R A BE RS - LA
e 1) A5G b BB R A0, A A AR (128 Hz) S — A%
B (256 Hz)o [RIFE, SNIA) )45t 22 B0 45 3 () ) 3 AH LA A . L4, T BA
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W5 B E T[] JJ RO ] 34 (1 20 (>10000 Hz) HIL T R 3R RI0E, X
FIRERA IRTT T R I BUE MR RS, FLIRIEAR /N, X 45 R a] LR .
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ENd 60
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= 40
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Bl 2-11 300 knvh BHEE T T): (a) 2 E)I b ) Sy a) /g,
(b) A AL, () YhIn JIHE

K 2-12 B Bk g i b Rem N g 85 538, b & 2-12 (a) A1 (b)
I3 R AN A 0 At = AR I B )N g A = B 7T W, 3ha& A 3kAs 1
RIS ) 55 S 0 W RS BV ) $ Ak B AR, 287 SR AUMRR [ B2 70 AT o % fi
PEN B K FZSl IS 14079 1285 MPa, /NS M sk 5 AU s K& ik 77 . 3h& 7>
PRI BT VI N ) oA s ot B BB I ZE R, BTYIN )3 o A e IR 3 U7
G 7, SELRes—0, AN R KBIVIN /12179 466 MPa. #0530
A0 W Al it 1) 22 AR AR G2 07 5 b R LA B 330 1) 5703 Mr W1 a6 o BOAF AR UK Y
WIaaIsh. B 2-12 (o) ik 1 ik el g A BT TN 3 m] _E i 70 A JiAae
PSS 77 LR ot 2 SRR FR 730t 5 R A B K A B g HH IRLAE e 0 H a2
Fo BIVIR ) SV ENEERE T E Oy IR E A, RSN 3RS BT VI N S A AE T
B X FIREAE X, Ui 24047 B G FUE I A PR TR/, X 5 L hrfg il
EEERS
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o ®) ..

P
5
0
25
5140
385.5
- 25

Fo— Bfh —A— BIEEN k- BUNSL |
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: FAEX
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B 2-12 BPEEAE: (a) FEFFEAS ST, (b) BIYIR Y],
(c) FEANL A IBTY) R 7]

2.5 M AL RN

A Bt T7 v 5 AL G VEAE 100~300 km/h 33 T TN R ES B Ak ) 224
TEF MR AT b . B 2-13 S4B )y (LR RIRRE ) 1) S A X
L, M 2-13 (a)y (o) Ml Ced) RTLUE M, SRHAE S0 7 i 10 i) 2 ) /) 78
WIEEH B L T RS, X 3R AR R I E T AR B0 ) B 7R
MIVEFT, T I ) 4R 2 I b T B2 1 B s i 3 K, B VR 2 BE 2 OB i 8. Bl
K 2-13 (a) APWLELR], MZEH DL 100 ki/h (3 B FRTIESN 1.5 m N, A£48 0772
T 2 1] S HRBNMEAE L0 1.6 KN, LN A BRI 2.4%, G601 ful e
HALTFRERE. Hik, 75 100 km/h ST, 1.5 m KAIBHA R ot XK B {F AT
PAFFE WA . SR, 4ZEF DL 200 km/h F1 300 km/h FR 3 FE [ T VR 51
24mif, B 2-13 (e) M (o) EoniEE [ J)HIRBNIEIE Sk 10 kKN F1 15 kN,
R TR A AR 8 P B e ARSI (B G o X ULRH, MR R R = 2
200 kmv/h J LA BB, SR AR G077 19 10000 1) 2 1) JJ7E S0 2.4 m BAAA S X 5
PARE, N RIS E AR T B KBS R T IX . SR 2-13 (o) R (&) fUR,
£ 200 ke/h SR JZ T, A% G875 iR TGN A 3 ) U AE N — TR Y 83 KN B M k)N 22
TL5KN £ 47, FERCGRZAN 14%, 7 300 km/h 3R, 5 B U M ITEA 100
KN IZH/NZE 80 kN 747, TEIRLAIN 20%. PR T 38 77 R0 10 3 R 3
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Btg, IXERE f ZACK B SR X 4 RESRASASE A LBl . S5 AR 4005 1k
FAEE, SO T A =R B T 14 38 [ T AE A AR B AL TR e RS, HEEE
RS I AT AN K, I I i 5 9 m] BRI SR AT A E A LB . X
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B 2-13 fEd i 5 o db i B fE AN [R5 R I FE TR 7] J3X B (a) ¥ E)48, (100 km/h), (b)
Fils (100 km/h), (¢) ZE[AIHE (200 km/h), (d) il (200 km/h), (e) (A (300 km/h),

() ik, (300 km/h)

B 2-13 (b). (d) A () AT 100~300 km/h 3 N AL G055 5 ekt 77 id:
T e e L AR A5 B ) T ) A . AT L, ARG VA T R B AT
3298 Hz I35 — AN B S (U6, T et 7 2 T ey e 260 0 33 7 3298 Hz i
T AU AR 5E AT 2R X B SO B L3 4 T A0 AR RN . 27 b, W) IAE
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S5 7 (B3 7 1) 45 SR 30 3 BH R FH et (R S 2R R A (R 0 A Ak g T AR TR
SHBIRR A, I HIX RSSO LT A2 FE IR R

N T MR SO £ 5 S R 3R, 1 — AL T 500 km/h S TSR
FH s R R T (R 30 A7 5 SR o B 2-14 oR 1 BE AR 1R SR ) 7 AR A A L o
A, S [E R R R AR (A ) R IUARALR BN R, FA A BRI AL . A
[ 3 5 T 85 B BhaS P st XA JEAN[A], T8 B0 300-400 kmn/h I, 2834 25 750 mm K
MIZNAATIX G, M TAE. AT S H R =2 500 km/h B, HE (5] 1E
£) 1250 mm KA FFiEE T Fa5E . X 300-400 km/h 335 R 2 1) 7 19 9% Sh iR E 7T
JI, R DX ek A T (v g 90 R I o P 38 DR B8 K, B SR B A 3 1) 7 4 {1 B T
JERIIE RN, VAR L AR R R . AFETEE T, 9l JB s Aa L,
DX 5 7E TG\ 1) g B F2 € B e 75 R B A ha s XA FEAR ], 32 A 300 kiv/h 421
#) 500 km/h B, ZhA&FAGHIX 4> H1Z1°8 650 mm. 725 mm. 1000 mm F1 1250 mm.

25 LR, AR SCR FH A TR BN B 7 e BA DU IS s, BT R 1Y
AN ASHA 5t DX A BE AR 1% GERE T 5 25 0/, 20 B 4R v 2] 500 k/h 1, 75 1250
mm (1B 5t X BT A) SRAFFa e (e LBl A . 5025 20 T SRA IR B0 307 v e fk o
JIRBTYI R 300 A SN A AT RATAE R 57, LR BIYIN ) b 2 22 7
5| AR BN LA A T I ENI GRS M R R 22—
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2.6 KE/&

RIFEE AL GBS B AAEAE A, S T — ook po iR o i oot
JTVERERL T B EAE I HUB IR SRR « SR U5 X LA T AR R T ) e 4%
fiuh 73 e FATE:, S5 JE WA T OB AR AR A T v B R MR, R S SO R A AN [
HE TR SIS K. Frigdinin .

(D) BX R IR 3 8UL ST A= VRIS R R . A& Gl AR )
JIE Sy BT R ORI W I G S, P AR RS 0 F1 S UR B AE 3283 Hz [
AR IRBNEAS, 1E BRIV E .

(2) FETIRA MRk B H /R IR 72 0] DL SRS 207 RIS RS S R PUR
ENFEAb AR o 1ZTTVEARAR R BIE (R A S T R BY 8L 7 43 A B AU =R R Y, BY
DI A RS X WX XILR, X2 FBEhE M 9 m fik Bifase (i
T A B A b b X (¥ 3 R A

(3) SO G BIGE A TR Bh e Al 80 v] AP R AT A i I R A ful e, BT
APt XA AT LLR 28/ o A 300 km/h #2513 500 kmv/h I, Fe %4
il i R e BT 7% B B A AR S X K 23 7124 650 mm., 725 mm. 1000 mm F1 1250 mm.
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SR BX B KR 4E AL s AN R kR B 51

Ll

$3

RN A TE R Ak B BN L, A B SR R S AT, L AR AR
Fig: TR B YEd /K P25 R 2R R Us 791, 7R s@ et iR gg i, T LA
NEHEFIATRLZ 5, 2 AR BRI b 77, 5 51 BN EIUIR % XK AN 3 ST BEFE . i
AT S 7S A fRr A R e 2 P A R I B, 7t B AR SR B U B AR )
BT T e TR AN LU B DA W R O, T AR AR R B S TR B A Y
XN G b ) S B BR AR B WAl S HEAT 1 RIES, 0 AT e AR 2R R ML
VB FR) T SR R
3.1 SRR ENEIR BB 4

B 3-1 BoR T R kR SN B S . 1 3-1 (a) 2 300 km/h SBATIERSE R
R EREE 1/3 AR RRE B /KPG8, AT, IEU R B A BRI AT SRR RS B 0 3
TEAEPIRLIEAE , 7 BIFE 65~80 mm A 125~160 mm Ji P o 3 PRI K 1 ik = 7
JE kg b i o L, FLIEIE SR 7 G 4E 521~667 Hz A1 1042~1282 Hz i H
No BN 65~80 mm U B O K L2 HUIE ) Pinned-pinned L4k 5 EU) 51,
SRTE KN 125~160 mm 1935 B B R I AE AR Sl 18] 3-1 (b) A mil 2 AN
RIEARE MR, B (o NE b MATBKE. WE3-1 (b)) Hr LA
FAREFRIFE KL 100 m &b, [RIN B2 AEANEAR S8 0r B, BT 10 AN Tt 2 HH I gk
BNWEAE, BT RSP E AL . AU ELIDE R R KA 150 mm, B
R 2979 0.111 mm, S HBIENPURLENIT, BT HKBERE. ST,
S A BB B K 125~160 mm 3 BE 5 R 42 80K 1S BB A5 HE HLAE F A
S SRS B DG ik, ANSCTERE TR TR IT T A AT,
WA RAESE T XM
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(©

150 mm

Bl 3-1 kBRI . (o) skl 1/3 SRR BETE 50, (b)) mndi ik sk m
SRS BEACER, - (o) B (b)) R8O K

3.2 1R R EN R S TR B kel B 43 47
3.2.1 [REEIREY

K 32 BoR TR IR INA RGN E . EERYIMAALE 1365 mm AN T
MR AREE . PUIERE ] 7 ) (SR AR R BEAR ], I J7 [l IR B S IR SR R B Ak . 90
81 77 [ SR AEIRIE d () -

d(z)=§—§xcos(27”(z—zmm)] (3-1

Horp 2 PRGETT AN A RORIREEEROIREE, SCPIRE N 0.1 mm; AR
ANREEME, SCPWE N 125 mm; zoin R REER SRR . JREE R U
PRZERC IO AL B 1365 mm Ab, SEARIEFE PR Al g ARG e i wa I Sh A b it X K BT
BeE, RO RN, RN R RTAG ZR R 7 B 4 1000 mm AbIE BIRSE(H «

14
—_—
o 1848, A=125 mm, D=0.1 mm
le——136smm— | \S

|
lﬂ%@ WAL L

A A A A A A A A A AA
Kl 3-2 JRagfr o e
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BRI P 2 TR AR - TE AR G B J A ELAE F AR B SR T B IR S AR R 46
S, DRI 5 S0 2 A s BB RS IR ) 5 VRN 23 A 8 0L 1) B A5 AH ELAE FH DA S e 51 R
PNEHASEES . Ik, ASCHET Archard BEGE L T BEREMA, &S0 A0 408
IR G 5 77 A B A KNI MBS B
3.2.2 BEFEIER

BRI P R e B T4k X 1) 70 Ak e AR R B, DRLUE, 8]
(¥ 20 25 R 11 DA B A L 457 2R A8 40 0 U8 S 1) 5B A DL e S B BE ST AR SR T
Archard FRS @A | BEABRTHSAN PR S 00 A0 o BB BEE F A R 2%
B2 FEA S T RIS T B R B (R . R IR I S AN SRR P R IE RO

w= kps (3-2)

Forr, w NEBESORREE: k NBEBREL REEAZRES, p F s 20500 8 Ja A4 i
JE IR T B R B8 o CEA SCRBUBRAS TR BN il A7 BR e AL oy, AN R T i (X
R RSF 2108 1.0x1.0 mm?. B 3-3 AMWBUBET TR RE R, BRI
AL (il 3-3 HRREFEEAE) 1.0X 1.0 mm?, 571 5B 4 N HIGH
HH o T S PR 2T C R TERE THTRRAH () o 21 0 TEAE 1) 4 i s A 28U | 2058 79 i ded
(Rpvam) 77, DSk Sy T AR ) B R B T A 'S A

w=kFs (3-3)

A F O AL o BT AR I (T 24 B R i e A AN T A B R

Fon. BWERZ UGG, 1A K RS AT AR
W=w,_ +kFAs, (3-4)

Horr, woRT R RARERUREE, n AR AU KB P, R
N n DD SER T, we NE (n-1) AR BT B R
As, 9% n AW TS K E S A2

Az=1.0 mm

1

1.0 mm

~—

Ay

T

K 3-3 LS
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3.2.3 IREELLRIM DTN EEFE S

K 3-4 % il i SRR G P AR MBS ) K I S BB B A, BT
Fu I BN, SR T BRI T AR W B O 2778 Hz. ] 3-4 (a) A7
o E BN REBERE A T, FENPURSERR T, SRR R ENE)
DA EAEH S ER R G AEIRS), H P RS RPIFI BN A BE 450 75 25 [l 3
RGN J) Fu FERTE A ) Py BN B30 W IRIE AR A VRO AR L. I HLid
A LLWEE R Py AAAER AN P J0F0 P2 351 H B BI(E . FHANBURSEMUR (3R
AT 53 AW B e 38 I R I R MK PR SR 3R 20 e 4% S BRI N BLAS
W B R I RS 1 B IR BN BER DN S KRS, Py
WAL LT —80 B S T Fo ARG, JR5%)5 10 B ARSI B E R T 5%
ENFASAHEAE R I EZRHE, SR TN IS Ir) A DG BB, R A S F BRI H
HAREIBT B, JExt B RS AT T 0. B 3-4 (b-d) 73 W& LR/
BARGARBNE) W, Fx A FLBIRE . TDAOWER R, W, Fx AT PR
FAAE— %K P sty JFC o FE il I R] R385 I s ik, 450 17 [ 7€ 7E 581 Hz.
H A b2 Ty SR 43 AT 285 SR AT 45, BNBIUIRS%7E 581 Hz P22 51 R EEHsh A1
HAEM, SEEERHMZESTER, M5 K.

=7 ()

@ 2:f

SR RN BRI RYAN) gz wic )
. T
T T ‘uJ
5 =
Hin \
\
3
= §
8
8
\ U
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FFE](s)

"
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3 "
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0 0002 0004 0006 O
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o 2000 o~
B 1500 P ©
= S
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0.0 0.008 0.01 0.012
B El(s) A E](s)

K 3-4 PPURLERU TR LSRR ZISES: (a) SRR 5 ERE,
(b) W ERBhES, (o) R ERTER Y, (d) R RS T)
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5 150 mm 040 65 mm
(5) \/ 0.35 80 mm
—100 mm
~ —125 3
c\= (5) N\ / e - 'E“O“’O — 25 mm
S -5 2 0.25 150 mm
~ o U
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s ¥ A # 21291
®R-5p W 10 ’
H SSmml 05
- 0.00
1400 1600 1800 2000 2200 2400 0 500 1000 1500 2000 2500 3000
AL (mm) o :
ik (Hz)
(c) (d)
3.0
30 150 mm 65 mm
-30 V\‘ ] < =80 mm
_ 25 4 581 Hz — 100 mm
Z 30 —]25 mm
< OW/\A ~20 =125 mm
330 2201 —— 150 mm
= 30 (00 mm ‘:Ezl s
w0 =154
E
l’f‘i 30 N »80 mm .04
30 N 1452Hz  2129Hz
30 65 mm 0.5 j
-30 0.04 ‘
1400 1600 1800 2000 2200 2400 0 500 1000 1500 2000 2500 3000
{78 (mm) W (Hz)
(e) ®
25 —T50mm] %0
00 e/ - 018
g 23 —125mm| ¢
0.0 \/\M - 014
= Z
-2.5 )
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] 3-5 AN AR SEBUR T 194 BRI 3R R B FE: (a). (o). (&) 4M BN
AT W EnAFL (b, (D (D 2 BIHRT W, Fx Al FL B
RSB AAE AN A B RS, AHERRAN PR SR I RE I, SCHRARAL T A

[l AR EE B T 0 224 - B S AS A ELAE AR Zh A B 451, il 3-5 Fiow

K 3-5 (a) o T2 A E AN E I BN BB AIE L. IR LU EE

BITESRIEIRBNN B, W\ Fx R Fr BB A% A IR Il N g8 T 3 I, 3 5 W A8 g

KRR T 2 WOR R ZUN A BN S A EAEH . 72 B IR B, 1REENK

79 100 mm, 125 mm A1 150 mm I FGIE w7, FnoAl Fos USRS, HAR30

KiK. R8I/ 2] 65 mm A1 80 mm I, BB /) AR B3 265 BE 1 4R

K B R B3-5 (b). () A () 3 g2t B 8 B A8

BN BRI B S F N IITE B IR B Al . /T, W Pl FLIEANIA]

WKL R (PR S) E 44 N 581 Hz. FEHME 3-5 (b) HhREBORn T ]

LAE . 7 581 Hz ST 3l BE 4010 (e 0 48 B O B N S8 3 K5 ey, i 4%
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BN 125 mm B EBIREG 2 5RK. EaiSRPIPEERENZL. ot
B RS /DN, fE 1355 Hz 1452 Hz A1 2129 Hz Abt0 30 1 B 5 UG£
XEIRE, FEEEEBKIRD, SIR P aISHE BAE R R 2 2 . X
575 [ A5 WL 552 3 P AR A AR XS 8 o

g BT R A FBAARGERURD T 7 A B AR TN A B RSN 50
£ 581 Hz B{i. BRI 150 mm HOSH LI BE e AR S8 0 RO P AE 581 Hz i iy
FAMERFZEN . R G R ANRS) E BRI AEE b, AR
KH THXERPIE, ARSCTEJGEEF AT T IR
3.2.4 XTG4 MR E RS S A

NI IRIRBNEAS K B THRHE R, A X R AT 1 A5 43 4
BT o B SR HEAT S S HT s 1 3-6 DN LE B BN 1 AT i R
fiE. & 3-6 (a) s 7 XA AN AU AL B . R B X 8 I R 42 32 5]
R, TERCN SR B (CRRBETIAL) TN T PR E SRR . AR
I (1) g P e SR AR R IR 1) T IR IR R . B 3-6 (b)) N (o) AR
(i 5 ) A [Fa) e 325 0 it 2 o AT R U 5% 2810 0 = [ AR ) A3 R 1 A7 A
IEZESE, SR PIMOIN I BE G gl it £ 2 R R BRI 581 Hz HIARBNIE, Pk
FORT IR BN AN S A ST 70 IR AN I8k s 7 A 1) s A
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vvy

(b) o

T T T
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e [ IS SE A (m-s™NT)

1 3 E 49 (mes N
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FEFERR TR REN I RE I S, SO BIGE AT TS 7 i A E S AN LI
TR RIRENIEZS o HH T ANBUE S IR 2R e S 17 J7 1m), PR G i 1)
PRENBESTZ RIE. K 3-7 R 1 AR ENIZ T 581 Hz HIBIE T8 M) IR 5
SULMMEIR. B 3-7 (@) F (b)) NHUEERIRSNELE, IRSE 55N
543 Hz M1 601 Hz. [ 3-7 (¢) I (d) 43 A AN RIHRAL . AT 0L, PMRBNH
AN YR Y B T2 R AR, 7E 300 ke/h SRR, PR IR SIS 51 R BB
BEWAK 79 153 mm A 138 mm, 58 3-1 (o) Hill & ) B i KB v i
R AHb AR ST 5 P B I 5 1 7 A i DR 5 AR L T FR B RS A O

(a) (b)

K 3-7 PUBRBESSNT: (@) WHLIEAIRSIES (543 Hz), (b) MHLTE [ IRSNELS
(601 Hz), (c¢) 543 Hz AN R /RE K, (d) 601 Hz AHMN HRA 7 K
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