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Abstract

Because railway is developing with high speed, heavy load and high
density, the rolling contact fatigue damages of rail increase rapidly.
Meanwhile, the damage types and characteristics are also changing. As a
type of rail defects, rail tread oblique crack has been paid extensively
attentions in recent years, It will cause rail transversal failure and
endanger the traveling safety if it severely develops. Several accidents
resulted from rail transversal fractures caused by tread oblique cracks
bave already taken place at home and abroad.

According to the rail oblique crack damage observed in field of
Guangzhou-Shenzhen railway, etc, cracks come of the surface layer of
rail tread and propagate to the interior of rail head at an angle(15°~40°)
with rail crown face. When oblique cracks propagate to certain depth,
they may turn to transversal direction or continue to propagate in the
same direction. Different modes of crack growth will bring different rail
defects and affect the traveling safety and line maintenance differently. At
present, rescarchers mainly test and analyze from observing fractures,
examining metallurgy matertals, etc, and qualitatively study the growth
mode and mechanism of rail oblique cracks. But the research on the
growth behavior after crack initializes, especially on the influencing

factors of crack turning is not enough yet.
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This paper is part of “study on rolling contact fatigue damage and
safety evaluation of rail (2004YF04) ”, which is an item of Research &
Development Center of China Academy of Railway Sciences. The growth
behavior and mechantsm of rail tread oblique cracks under various load
cases are quantitatively analyzed here, and the main influencing factors of
rail oblique crack growth and turning are also discussed. It will give the
maintenance and safety evaluation of rail oblique crack defects theoretical
and numerical support.

The main study contents of this paper are:

According to the characteristic of rail tread oblique crack observed in
field, the three dimensional models of typical rail tread oblique crack with
different lengths are built with sofiware ANSYS.

According to the positions of wheel / rail contact light strip observed in
field, the state of wheel / rail contact is simulated. With double line
kinematic hardening material, the stress field and stress intensity factor of
rail tread oblique crack are also simulated and calculated.

The influences on growth behavior of rail tread oblique crack under
various load cases, including three-dimensional contact force, contact
position, axle load, wheel / rail frictional coefficient, steel strength, travel
velocity, etc, have been simulated and analyzed. The growth behavior and
mechanism of rail oblique cracks under two typical load cases are also

simulated and calculated.
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Researchers at home and abroad have carried on much study on the
problem of the bearing capacity of rail and the influence from various
load cases with no cracks, and good effects are got. But nothing has been
done on the same problem with cracks.

Comprehensive considerations about the influencing range of wheel /
rail action and amount of simulation and calculation are made, and 4 rail
spans are chosen. The length of each span is 568.2mm. The model is built
according to the standard section of 60kg/m rail. S-1I type concrete tie is
used, and the superior width is 169.5mm. Axle load is 23 ton, and the
modulus of elasticity of rail E is 2.06x10°MPa, Poisson's ratio vis 0.3,
and the wheel / rail frictional coefficient p is 0.3 too. Double line material
is used, and the yield strength 6o are 565MPa (U75V hot rolling rail ) and
870MPa (U75V quenched rail) . The kinematic hardening coefficient is
0.1.

According to Hertz contact theory, the wheel / rail contact area is an
ellipse. Half axis a and b can be calculated by corresponding formula.

The oblique crack is in the middle of the model, which is chosen to be
a semiellipse according to field. It makes a 30° angle with rail transversal
direction, and the angle of inclination is 20°. Its major axis is double of
minor axis, and the centre of oblique crack is 15mm away from rail gauge.
Solid95. Solid92. Solid45., Mesh200(line. area) elements are used. The

mesh size of rail base is 10mm, and the mesh size of rail head is 6mm.
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The minimum mesh size of crack tip is 0.1mm, and the mesh size of
wheel / rail contact area is 1mm. The model is meshed by blocks, and
made singularity of crack tip element with APDL programming. At last,
degenerate transit of free-meshed elements is made to get higher
accuracy.

Symmetry constraints are applied at two terminal of model, and full
constraints except longitudinal direction are applied at sleepers. Vertical
and longitudinal loads are applied at whee! / rail contact spot op straight
line, while vertical, longitudinal and transversal loads are applied on
curves.

Because of the complicated shape and position, some skills are used
during modet building.

First the shape of crack is simply chosen to be semiellipse according to
field, and this will be helpful of building model.

Afier the position of crack centre is fixed, an elliptical cylinder
including half crack face is built. With a series of geometrical boolean
calculation mostly including partition and divide by working piane with
options, etc, the characteristic of crack, which means that collinear is kept
at crack tip and two semiellipse crack faces overlap, can be made in the
model. Then the model is meshed, and made singularity at crack tip. After
degenerate transit is made, the final crack model is finished.

It is to be noted that, because the point coordinates of chosen path is
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required to parallel with X axis to calculate the stress intensity factor in
ANSYS, it is necessary to pretreat the crack solid model before meshing.
At the position which wants to be calculated the crack face is divided by
working plane, and a local coordinate system is built and saved. This can
satisfy the requirement of ANSYS.

At present, finite element analysis of three dimensional crack problems
is applied in many fields, but the shapes of crack are all restricted to
tangent. Oblique crack models with more complicated shapes and
positions are built and calculated in this paper, thus it is an innovation in
the research of rail oblique crack.

Based on the FEA model of rail oblique crack, corresponding
calculated parameters are set, and the influences on growth behavior of
rail tread oblique crack under various load cases, including
three-dimensional contact force, contact position, axle load, wheel / rail
frictional coefficient, steel strength, travel velocity, ete, are simulated and
analyzed. Two typical field cases are also calculated, and the mechanism
of rail tread oblique crack is explained.

Useful results have been obtained, including:

(1) Vertical force mainly affects all three types of stress intensity
factors K, lateral force strongly affects I, II1 types of K, and longitudinal
force chiefly affects II type of K. During the three types of forces, only
vertical force affects K strongly, and the other two forces affect K, hardly
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any.

(2) In the range of a quarter of sleeper span from the oblique crack
along longitudinal direction of rail, the wheel load affects crack growth
outstandingly, while the rest can be ignored. Deviated from the centre of
rail head less than 4.5mm along transverse direction, the wheel load
affects crack growth inconspicuously, while crack growth becomes rapid
between 4.5 to 7.5mm and enormously expedites beyond 7.5mm.

(3) Loaded car affects crack growth much more obviously than empty
car; different axle loads affect crack growth similarly.

(4) Lower wheel / rail frictional coefficient, higher steel yield strength
and travel velocity accelerate crack growth.

In addition, two typical field cases including straight line and 800m
radius curve of the outside rail have been calculated; the growth behavior
and mechanism of rail tread oblique crack has been explained, and it is
pointed out in the paper:

Under the condition of wheel / rail contact position deviated from the
centre of rail head 5mm on straight line, rail tread oblique cracks mainly
propagate as I-1II type. The growth of rail oblique cracks may turn to
horizontal direction at the depths of 3.5~6.1 mm beneath the rail tread,
and may turn to transversal direction at the depths of 8~14 mm. Once
beyond 30mm, cracks can hardly turn around. On radius 800m curve of

the outside rail, rail tread oblique cracks propagate as I-1I-1I type and
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grow faster than on straight line; the crack growth may turn to horizontal
direction at the depths of 2.1~4.8mm beneath the rail tread. Whereas
cracks grow in a deeper position, it is very likely that they may propagate
as the same angle.

Bend shear stress is the main factor of controtling rail tread oblique
crack to propagate and turn around. With the line conditions and wheel /
rail contact positions changing, the zone of scatter and direction of bend
shear stress also change. Upward bend shear stress exists near the area of
crack initiation, and cracks in this area may turn to horizontal direction
because of its influence. When oblique cracks grow to a deeper area, one
case is that larger downward bend shear stress exists, and oblique cracks
may turn to transversal direction; another case is that the bend shear stress
will become smaller, and oblique cracks propagate as the same angle.

These study results are helpful for qualitatively mastering and
quantitatively evaluating the growth behavior and influencing factors of
rail oblique crack. They can also give maintenance and safety monitoring

of rail theoretical instructions.

Key words: Rail, Oblique crack, Crack propagation
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Abstract

As a type of rail defects, rail tread oblique crack has been paid extensively attentions in
recent years. it will cause rail transversal failure and endanger the traveling safety if it
severely develops. Several accidents resulted from rail transversal fractures caused by tread
oblique cracks have already taken place at home and abroad.

With large finite element software ANSYS, the solid model of typical rail tread oblique
crack has been built according to its characteristic observed in field, and the influences on
growth behavior of rail tread oblique crack under various load cases, including
three-dimensional contact force, contact position, axle load, wheel / rail frictional coefficient,
steel strength, travel velocity, etc, have also been simulated and analyzed.

Useful results have been obtained: Vertical force mainly affects all three types of stress
intensity factors K, lateral force strongly affects IL, Il types of K, and longitudinal force
chiefly affects II type of K. In the range of a quarter of steeper spacing from the oblique crack
along longitudinal direction of rail, the wheel load affects crack growth outstandingly, while
the rest can be ignored. Deviated from the centre of rail head less than 4.5mm aion_g
transverse direction, the wheel load affects crack growth inconspicuously, while crack growth
becomes rapid between 4.5 to 7.5mm and enormously expedites beyond 7.5mm; loaded car
affects crack growth much more obviously than empty car; different axle loads affect crack
growth similarly; lower wheel / rail frictional coefficicnt, higher steel yield strength and
travel velocity accelerate crack growth. In addition, two typical field cases including straight
line and 800m radius curve of the outside rail have been calculated; the growth behavior and
mechanism of rail tread oblique crack has been explained, and bend shear stress is pointed
out as the main factor of controlling rai} tread oblique crack to propagate and turn around.

These study results are helpfil for qualitatively mastering and quantitatively evaluating
the growth behavior and influencing factors of rail oblique crack. They can also give

maintenance and safety monitoring of rail theoretical instructions.
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Key words: Rail, Oblique crack, Crack propagation

111



BN E TR R AR5

FIFE #ik

1.1. 318

1.1.1. SRERIER

B 1825 FREBRTHRE—FHKBLUR, KREHWHEIHLLMNBITE[@EK
BRI THRAEENERN. dFHEMR, ADRASER, RRERRTEZHE
RPEREFEEFR TR EHELENEHERRURXE TANRNLL. ZHHL,
HBEREIIN TSRS ERELE, A THEREREE, SELARERRTESEE
ABEMHAMEANEREN: MEFEHE, AGNZERELBNES, RET
EEEHRRE—MLE. REESL. FEMmEASN THFERERAER.

RESBUERNEEHE. RZEN. ERIR. XFXRERBAFEH. B 1997
FUREFLET ARKRE, HEXRBZEERFTT 2 ANERIF, HRFEMER
B a5t BB ARARELEMAIEFNHLHRTERMILINN.

1.12. FENERE

fEdE—-B, RESBEMRAK, EELS. ER&4HTE—, RE
TB1778 (SREG R P H RE R RS AP, ALAM 4/ KBTI HEZER
BEESMIRARFNHESS. AT, HEZE. BE. TEEERNEEAERE,
FRIEMENFEAURER BLLEENXEER, FRERNN RN HBER R,
R REFMOBENERLEHRM BTN, EHFEHAFTRAGRUA THNOZL,
TERAAGRERAESED, NHMBREMRETRI. LB . Sk
RER, F—HEEHR—SFeGEER, nEnEh, TENES.

Heb, B BEMEFGREBCRENERZE LOREE, HmE &, i
. 35U KR, PESKBNRNE, SR T AERNARESEMETHR, &
ERFAMRA N, EFEHAEANERAFGNEBITELEP Y. AfI3HRNE
BNEAES T T ARFRE, ;sEzsiEmuEyRnEEaE: kB (head
checks) . Bt (squats) . FI%5 (shelling) . ERSMABERBRYN, I THMAEHREANH
5, BURA SRS, AR EES R EDRATBAM S RMETRBOR



BIERFH AR L EAR

ENF BR, EREEE. FRECHNEZLH L, BETRIEHRMRIRE (X%
Kb T TR B RIE &2 R) RS B F SRk B, xR, SRk
Rafgds, BRI TEREESEN.

Jeroen!"\ 534 T 5 22 Sk B MMUE BN A F RGO MEALR, XLBRETT LA 4
ARG Bt ME. RPN 4 %% B (light) . B (moderate)
B[ (heavy) FI™E (severe) , W 1.1 B TRt MIBRID % 3 N EH: BHE (light)
T B (moderate) 1 & & (heavy) . BT W, 4L OB BB AR ERAAT
REFRHAMGL, HERT AEBUNOAT. BRBNI T TS XL R
RIEGRFERFERER, BME LI HTE—MRKETR, 8. HNORGEESHAK
BAMBRBEENEXR, HERLABRGRESHLENARGEEATN NI, X
EFEEES, B ERRN RPN REBEILLHEEANNERE S,

o ik
s =gt
e 2

I L e

.
A
s

AT

Fa oy ; 1
" .....;zii.u b

E1.1. ProRail WE MM 4 MRZ: BE ), PED), KBE(), FEW



BB EF AR L FAIRI
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BHERE. kI31.181~131.478 F | ROBHERR) NRETH.

(6) LAWY A LR LHERRBRBEMEE, EEMEBR (FITA k12.5-40.7,
EAT# k123.12~144.5) M LR E B, THRHEETERESE.

(7) ERHRBREKIHT, BRARENBEE . Bit, EENERTHNT
BB LM RO 4.,

(8) U75V 41515 U7IMn 8L, SRR B mREARER.

(9) $UkPBLERERBREFFEFR, LA 19

RS - FE R

EL7. I EEe EAT k130+690 di<k BN, $ULEBLB



IR R AR E AR

M9,

250 P e BERE ()

e, ORERERAR 3

B3 F3®e& FT k1304500 Mk LB

S
— ()

wo oo BEH W

1A F
e &
53 F

0 » 3 & & & %
H A N H H H H

2003 SEAN AR B R REB] 20034 7 A 31 H)

1.2.23. SRNG5S

TR HEARAIMEL, 0 780MPa 1 880MPa 4R, i TR RASRIL
Ry, MRS HARBL.

PR (BEHER. V. LB £ 930MPa BERFMNE X E Bk
FEA, @FRETXERR2800) kR E LM, B 1.10 % UT5V SN ELBE0ET
WTH SR ETESR, B LRNEaNLREE AR KA MM (15-40°) A FTREEM

HRIVE.



BB RSB AR

B1.10. U7SV LRI F R

CRRPIR RS SK R EOIT T AR AT, ROVPLBEYEHEBHTRER
EEEFEERHE T BN AET R, S REEREN, RO fAEZ X,
¥ RF 8~10mm FEN FHEFE A K RARHELI.

SRRk 1180MPa & K UL D ik KRB EE AR TSR BIE T SR
Fiatn, MB7AEESME%SE LETREH.

WA 111 B, PhBGBLREmE—E#AE (10~15°) M T &, EENHE
&Y 5~6mm BB KBUKTEY R, FhKPFRAMBELRARY, WG FERNHR
WA, R, #OEASRE 175V RMMML AR BREALN, BEY BT MMRE
LTHRBT 25 A2 T, #OBFKNEEE LR HRRDEMMB T RIG. LB
ERA, BHEETTREAMEE, A EEEICLRY R,

Bl B ORKRAREIRIRITIE MR



RIERERRRH L F AR

SRR ML ARER, 3Tl OEXA UTSV 5050, Ray BAR
HTAR, BEXSNLBEH R RBE —E G BARF L8R RREEH 5~6mm)
T | AFKF, 8 U075V WNN—EHH Mm% R ZREFE~10mm)H R EEBLLFRS L
2. U75V A RAMBEM R RER, EAMNERNEFTRAR/ MK IEHEP
Wi

1.3. HRTE

EEFEIRT, FFEZHNENALARBIBITEEXE, FTERREERELE
. FimE RO HRBANNRRRE, EREADNSHEEREDE, Yk
REMESHAZEAEE. KBELZHHEEEAREZ LR LN ER LY
SIS, RERZKBIRABITERBAND, RBTEREELE, REIA—ENREER
HUBmREHYEE. BENRIDPERERF T EUYEERREARR THH. &
ERBTHENERYER, CEFENTRAEATRORETE T SRR R IR
B, ARTERERPH—#.

1.3.1. BREEE

ARLER —HTURETE TRAEGUMORET E Tk, BYRATHANE
SZHYNRERE, FREFEREATREIRERANESE, BHATEXTI
RR AR RERENNERE, RARERE BT TR TRRAENEEN L.

ARTEOEEGRER, FUMHTHNEEYEBERIFRAERIIR, AFFE
M RNESRFRERNYE, BhHERETEATAHFEERDBHXAL,
RERGHITAR. BEHDUSRAETRTHSBRF ARG R REIL.

PAESSAMERLE, BTARTH—EYEE, B, NRFFEATFNE
WA T RER A —ER R RS ALE MRS T R . EFRAMBES, RE—ENE
BERFRTANUBEMB S . XEREFAEBRARIBEY. fUFRTTE
F AR ER MRS B, TR — NG RO T — 27 &
B RO R BRI B B . Bk, BRTEMTPARBHEREHYIR
R H T H G R ARG . Y EELEBYE ERR S RNFE LR T, W
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SRR AR AR X

KRB MR ERIEEELR LR,
132, ARTEZHiEE

AETENERLHYP, #EH=EERTET. EEN=SFRTABERGEN
H,

ERTEM=S®EE, KERES FELE LS FREENHRITTERL, %%
LR EEN = REMYSHEANE R =8 T (—RENEARAEE) , &M ETN
EETYHALSETCRTNY ABE MHAERTYE L BRSO BET R
TH AL, —&i, SMTANERERR=EAU®. WE 112 B, WEdkeT
ikl WA, @F 2B, D, vie @) W v O W Vie Oo W Vis O
FRMBER, XEABREIEHNEALRTR. DAFESHE T WANBHERT
WA B, BB FH.

FHiLi2. HNE4&$T

EUTFFEEE, ZRLTABECERNUBEFTHHRTLE.
—HRI XNE
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B EH AR F AR X

u-Zaxn " gh

1m]

v= ZBx"‘""

w= Z'yx"‘ ™ g
1=l (I-l)

ﬁq:' i~ BIR'Y iiﬂﬁ’lr‘){élé%, i=1,2,..n
u. vE o— W ANBE
Bib—rrRiEH R A EERSE

= (1.2)
HABRVERERYRANFEWAME s HIRAX
ke-8e=Fe (1.3)
o ke— 5 7T AR BE S
C e—WAMBHE

Fe—HahRk
RE=#EETHREENESUBHXRITLUBE
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BIERHF R B 4 #4738 3

Y
-’

i 0 0
o
o 2 b
oy
0056;
£= 08=3',08
g 9
—_— — 0
& &
0 2 2
oz oy
2, 2
\ &z ox /

(1.4)

A GT:{Sx’ &1 & Tayr Tyzr T}
8" ={u, v, @}

d 5N R de BIXEN

=N-de (1.5)
JUES)

&=BN-¢ (1.6)
Bp

e=B-de (1.7

ﬁ I:P B—Fjﬁﬁ %o
HEEEENT XRREERTLUAINS o 5HE e FIXFH
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BIEMFR R L E A3

oc=D-¢g (1.8)

A+ 6'={0s, 0y, 62,1y, Tyzo T}
D—# ¥R
i3 (1.7) 1 (1.8) , AT LABITHIRN ) o 5HITH Y A8 Se BEFRER, LR,
B BT AR AR R B R TTN .
ERETVRABNBEIBAKFER, WG THRNIEREGETA S
fn, EREHPIRIRIEER K. HREWR LSS Fs SR PERESFHABTRE
£zl

Fs=Ks-6e (LD

BiaFE&4 REAECHERANTRATTRE L de.

1.4. Hertz &t

14.1, EMhFaER

By RO AR E A A E B AR FE R X A B AR AR, B4 B
MR A, CAR b3 RMRE SR BR A%, BREMKAEN KRS, &
RSB AT AR AR R, FHEERERRDEM, RIERAMS
ROBYE-P AR —FLEEEM, EMRLEFES~L 1 “BRE", ERX
PR TR A KA B R R R E—HRENR: TR EMUREERUE
BRXAER. '

33 LT REAR AR T 2 1A E RE M S S R e 1108, B SERWIMRATAR R Hertz M.
Hertz EHMIEE T HANRERLERT EHEENAN, BRTHRIFHEERFE
HR, FHET BIREOLR A A —RES, XN, EERENT, B
MEFHEE. PINEZEERHEMIZREERWFEMRET, STFEREN. ZEE
BEOMERNZRAENFAZIZAS, BEEEANERERE Codomb EH, f
fra=pP, XB P RIERN S, TRERT], fua RBIHNEEN, n HFHEERY. ER
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BIER T AR L F AR

BEREBHEEMX RENHREN, DAGHERES HRIREURALERETE.
Xet, X UARREERARE, TURSERELTABHE.

THHKEENB -T2 REMHZEBRL—Herz Bid.
1.42. Hertz BMHE

ATEREAFE, Herz Bigl—HREARRER

(1) A BN G R SN REE D B, WREANREM ST K
WMo SHEA T TRFARERY @ EmE s, o RS LA S RET 417

) #Zb R AEITEN): EMBLBT HOGEMSEHEARME . dTFEBXE
A TEVISA B S R P AT B B ]

() PR NI B AR, PR R I SR B s 0 A DA R AR B S5 4
.

(@) XEAESH: BRI am i Ag.

EMTRERARELUE, ST RAEGERRY—RITR.

PARIZA AR O AR A, UIBEMEIES O MMATIEN xy FAE, z#FMIE
MYHEANER. XH, AEMEITRR xyz R xyz,, [0 1.13 Fir.

S

Hi113. EMRBLER
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BOERF AR+ F A X

BEEMERBEN, WER O HARR—ZHEANERME, EREERERE
MRS AREATTR AR B
WFEWS I UT AP R— R AN, BmXRRERE . x—RE R

a ¥ (1.10)

A a, b—HEKNFHEEMK, Ha>b

EERt A aE Rk asn b, Bav, v, gRS ErER S
A% P(X,Y)o Hertz ML s s 2k te, B3I TE D4 PXY) RN

x: r '
P(X,Y):CJI—-——;—;Z-
a (L1

KLIDFEH C BEEHEH

P= _UP(X, Y )dXdy

(1.12)
E, REPALSEMES., BEAH

3P Xt r
P(X,Y)=—2 1-—-=—
nab a b (113

DA R R B X Se 54 a M b AR (R 114 HiR) a M1 b R HER (119
An
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BRI R AR

3(d,+d,)P % d§ _1
m (o +E) (@ +E) (BT eE)E R
3(d,+a’2)P"|- dE _

1
Jrs R,
(o +g) (o ) (B re)e R (1.14a)

Kb £ | =12

R R xmeep ,
KEILASE, AME B SR Hortz B RAT M AU BRI, ERSh%
ERIEARORYDEASR LRI ST T ARITIAS,

L5, REKBMHRAE

FR IR BIEH F T B A 000 B “ MRS ERE L RS T2 Wi
(2004YFO4)” IO HANE . RXHAEEEESH AR TR TRNE LN
VRATATNE, KINKARAYT R, ¥R EEwER, AWMAARNSEKNE
BIRPANE. BERMRAEIBIE X,

RXEFEHRTAFTR:

LRGSR B AR EAROTEE, FH ANSYS RGBT ARRTHIREIW
MEEARAN =R,

RELFAD AR RNEMATOR, EHRIEMRE, KARKEMHERL
R, AR SRS T A R S 35 R0 B 035 8 R T HEAT 4 RO S

PIRATEM). BauE. BE. BERY. Af. BTEEZXETASHN RN
BEMARGNT REW, FAHTHRAANTRTHHARAY RITA, BT Hy BN
#,
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BIBFHER R B 24 X

28 WHRRYBRTENRESHE

RSN ERMEGENRE, BEERERNGAEME, REEE R, Y7
FIHERYE. M E=SMEBLMRY, X EMLERREERE K. MEHEIEEE
EHKERS, RAARTERTREETERATRRAENEE.

2.1. ANSYS 4 rha3Eg 4 o] 4k

ANSYS ##-RHRE ANSYS A 7S FROKBEAERTHHrikf. %K
fFRUT FERSEHRT, ¥, AMTETRLEREET, BRRETRE:
g%, GHIH. Sadkit. SHEH. BEFSERNE. SEMELH. Kb
. A, WARBINE. R, MARBB M. RARES . BREED
Wio FER/TEA, BB RS B ZHNATEN. TR, KE.
AR RERAHUMEE T IRSSHE . A5, ANSYS RERFHIERAFAFE, &8
g™,

211, FELMEIBAIRE

YA ER R ML N E, BERNRENUTIRERE, MEAIRIEE
#, REGTFEMNERSERREFRE. —BRE, BTERTBERARE—RIIZK
Y, BLRBIELERERELRS.

TR EERN—BEUNFRERERZEBREH TR RIINEFER, NENE
. EE—MHBEOREREE, SERT TN RAREZN. FWERIEERRR
LHRIEMFRERL. AHIRAHNER, SRENVEFEEES ). BFEFH
BER, ARMEBEIUATEABEMESF M RTEERERE, FRAERBEX
ZFE. ANSYS B @S EARAEEH FEERKEABENEH—H B HNR &
FHERTER T XHEE, SAEEF I EAEBNRRREITFEER EXIF
RREEM) . 3FRAZSERIGEDBAOEAE, BIERANFEERR, ZEs
BN ESRTFSSEFE REARERANFLAGERAE, FHRRK, —HE
BERS I AL EFHFH, FEX-EAIEARRBEIH, RELIEDT.

REEET
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BIEHEMARPLEMEN

k() Au=Bp @

o K (4) s o spommt s R s R
My

& g
s

Au = Ay, 2.2

FT-wER (B

k(u,+Au)Au=R =P-1 @n

RoF P AT R R
B AR AR

g A =

HIHATF %, BESRRBZE, N-R EAEHRERE, BN RBRELS X
R $ITER I MTRA) RFMBM N EME, REEHETERMRTALRN, ALE
St IR RORN, EHEEETERN, ERREER, ROFE. F5
XF R B DA

BRI, B

Au=Au

"

U, =u+Au,, 2.4
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BRI TR AR

2.12, EEMHERMKEHIE

TELEAE D R R R LR S, SRERERE, HREGANEZER
FEFEMREBEZ A MREHEA™, REERRSHHERAZLET A
Rz, WMEBREIHERE.

P4
’ ;éﬁﬁ:Léﬁg”r
p2
g u

P: ——————

Ju

>

- U
e 1] us uz

B2 4E—REREIRTE

— TS, KANTEHNETRERS. RECBNRENRRE=MH. EHA
ANSYS TR RATRENE. ZUBRENERNERERBERT, SKE
RERE, MHERINMETRABBTEMRERHEZA. MREFHELT, Rz
HRREMHEREAEETREE: B2, WEARHRHIK. SUCKHEE, N-RiE
HEHRERE, IARENE TR WRFNFTMEMOEE REERETE
BAHETAN SR, AREkar. YREERS /M, RABREKAHT —FwL
EoHsR, METHERSET, EFEHETHEN, SARNEER, KETH.
ANSYS B4t T —RAd4&RMBABRNKAYE, MABHTR. ZHEER. SR
$R-HEE, RBERMREEEHE. '
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REHFF AR LR

22. AT ANSYS =R 1 BERAFITE

BEl, WFRAPT RERHBARORA: —HENNBEORA, AARG R
NAGEER TR RIS RN BEE T, BARERET B, 58
REBAS, IHLRINT REABRNEMES THERBLREREENSESR,
MRERLK KRBT R ERBRAZAEE—THNBER, TRAFANHEERT K.
HARRERMIAALIEY, HOBERTSHARGBRAAHLIELX, RERITH
LB N AR RN R, MAREERNYERRETHN DS, K B HENES
GREFHE, HU—BRE, 5SZEFR, EHAD, BEKERBIBHTRESE,
HRA MR SRR RRA X, RENABREBTOTERE =R, @i,
BUEMERNLR I, BEBRYAHRERERRBLATRER, BROUER il
A&, BRENLRRONNG. BTG, 4B, RERTIXEG5RNRNYE
B RZ MR RRNBGERRHIEN DR A, ATRENIEEETHEM,

fE ANSYS F, SHHi=HFWR ¥ EER, BFERLEEP, NHS5ERNFY
RERE, AEEERYEEXRELLSFENHANEGNTR. HEBNEH
MREYE, SRGMBMRTNEN KA, PHEMEMT 1/4 04, 7ERFRXH
BIERTRET, BWBEHERE 174 ¥ 555 (Quarter-Point Element, f81#% QPE). #R1E
Wt R B, RE L8 me T et Bm R E—N S St E R E L
HEt o RERIE S, BRLREGHNE N B RBREN— SRERLRRER, ¥R
BRI BRATRRBRREBLNTRYE, FESRutEA4, BERTRENM
%, WHLUSP RS, MAIENMEEEFE IR, FUEEREH QPE
BT, BRRYGIIEHATS, HEBINRTURSFSEBRO=E LR R,

EXBTTEFA—REUTTPEENZE 20 FAET, DEUNHERTY A
e, AIERRARRENE. wE2250R, HEBHEHTRRTHE 2.3 Fir.
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BIERFHARM LT ¥

22 20WaN=@GERT B23 EENETREATER

BT RARmN S SNEGNETRE, AR ANSYS BT 4R, ERAREN
BLIEEEFHTAR, PHPYAEHE 114 TALE, XERAREFITER 14
A, FHEE ARSI, TS 0T R BRI BT 5 38 i SOLID4S
Bax—#. ERNYHGRTZEETLEN, RERE-EEBNTET. SETHR
5 aTRY, RuBnEs, —87E 0.02~0.04 FHRRGERNE, THE KW
BE53EARBALRABRTUAR, FURBEST—ELH. B 24 HRAXE.

24 RECHTNHIE

ERY T, ey, ERREAES 15°~30° FTELZH—4 QPE BT, EX
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SRR T FAR X

B % EAF ST 1/4 ¥ A B TH KQ I ERLEHE, Wl 2.5 Fir.

SOLID35

KLS

E25 RRERKT

23. BRSEIREREIL

MR L L BRI SR, SRS Y AR R AT DT HER . X,

e 2.6 FiR.
w

TILLEED

Bi26 REfATHARIER

WAL EEATLUMER AN POEET IRE, FURTHETENANKE
BB EERK A, ARAKEIKSMMALENHIIER, SE6%5E8E
B4 AMEEEKERN, WE 2.6 PATUENXH ELRSRIEFLRLEELUL.

H4E Hertz SEME 10, 2 MEEE T3 41 44 A AU BT A (BARSE) TRy — e L, Tl
W 2.7 iz, HRETHNENEMS B b HEAR. HHEBENEFRNERTN
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BRI FE T S B AR L2 A i 3

PURE AR RN, RIERIMEROBMEER E kit p /85, WX TFHEERE
mER, A AR

cospX_R_R.
T 1 1
—
R R R, (2.5)
()24
m) \n) E [l 1 l)
R R R, (2.6)
MFME (BER) BNEE, GuEARK:
111
R R R
cosB=T—7"3
R R, (27
()24
m) \n) E (1 1 1}
_+_......_
R R’ R"’ (2.8)

AP: R HBEMALFREDEER: Re HHNHAREEIMENER: Rw F
FREEBRSEIENER; N hEMDE - REH (FRNMANER: B m,
n SRR ERPURMBEAT R,
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BOERF AR L F AR

y

27 RHEMERER

A Q5 A QN BUNEAEFT LIRS p KD, HESRTIKEHMNATRY
: RBAXEREOEHR 2.0 KA Q.8) M m K n ME ATTHEHEMBK
yik ] NG
1258 60kg/m SHERAFHEWTIEI B o CAD A, SNABEEERY 568. 2mm, WATHTIRIL 4 B8,
SUELRA S-I BB L L, £ 169.5mm. BUHE 231, M4 tEiE & E=2.06x10°MPa,
HIZEv=0.3, RPERRY p=03. HURXANEHEME, BRRE S H N 002=565MPa
(U75V #5L50) M 60,=870MPa (U75V #-k%¥), BzhiRibR%0.1.

s FEE

|
L)
I

(230 lani ] ]

. ) 1z
2 -4 i 14
Er3

B 28 MKHMHBRMAH

FBLALT 4 BERNFT R, LERHLE, BOVERER, SRAMEMR30°, &
FAA 200, KEHMEY 2. 1, #BEPLEMNEL 15mm. MHTEERRA Solid9s.
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BHRMEFARMLFMRL

Solid92. Solid45. Mesh200 (£. H) $L|sMiE, BPUEMERTA 10mm,
MR TH 6mm, RARGLRPRERTH 0.1mm, EHERMERTH 4mm, 5
X PR TH Imm, HERFERELSY, K/5ET APDL G RQ LR 8T IT
FRULE, X EaYIRI; R ITEUER LB URBRAHEENE. BRETHEY
0E 2.9 Biw.

M29 MEPSEHBREH R TR

e B 2 P 3 1 A MR BRI 3, SAAE AL HE MBS A s Y R 203K K E R R BN,
BB E N NA RS, RBREMN, UrenEmimmED. 4R
R = 85 .

24, ZHPRGGFERITT

BT A RES RAER. SAEHRRAERM=RARG, FUELERYLE
ERE-EE BRI ERTE K.

EHAREMBAHRBTEL, SRASTFHRMLOUEYEHEAR, EREZE
LERETATR T A ER AL

B TROPOHIENUE, ZRLRL— ML RUBEAORKREE, &t
—RIFLA A RZEERE LR Partition FIHETMA TEFEYEE, NTAIR
HROFENERY, NERGRELRF/E, MANMERARIDESHEE, ZHD
BRERI RSB A BEVIP RR RGP R, BTREHE 22 WA BT EERILE
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SRIEH R BRI L AR

RAFRIT, F#TELLE, EBITREMNRLEE, WH2.10

210 =HEARLMR

ST MBRIT, FELHTERH. 48, REHHEX (H2.1).

B ZRERFORL

TEEEMR, BT ANSYS RN BEE FHERMEFRE LTS X H
47, BRUESEE. BIERS P LT, FUEMBTORAE AR RTRE.

EFEHEAMNBAEATATEY S, REELRBLIFRIFRE, ETUR
HH T RMN A BERFERNBERANAER, ZEFRNE 212 B,

27



RIEHFEFRRR LA X

crack front

crack face
212 BERBLER

HEl, X TFZHRGABHE RN ERSREARENA, HLERERTENR
Do ARIWTER. A BHBEME R AT AEARCCGE I = SRR HFHTERT
STt R, RENSHRLARTEN—MRIFEA.

2.5. KENGE

AEMEARBERTRE ANSYS kKB QERITT 7, NATET
ANSYS M= HBEETHEAE RERETHANENREYESERIESH
ARERAR=ERY, AIERE T ZHRARIBREHTS.
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BIERERART L ELIR X

$IF RUNEMASETUNRASRGYT RITAREM

RKFERIRIBZMEF TRURBENNIASHEA EMEWEE, EASEE
ELFRTRKEFAR, HREBTREFMAN. ENTRABEDMARERS, HITAL,
HRAREENGOREN T MEMRRREHWET TRR 4T, FENARLN
KRB, RIS TR ENETHR, ENREEFEZENT RITAH, B
B EREARCRT RN R, ETHHEREMTROERAEMITETE
ERFH.

EEXARRERTHA ANSYS, RFQFTURBNONABEMNRIES, &8
MRPMRLAE R AR, MR BR=A AR EXR I TE LIRS HEHR
g RAT AR MER.

3.1 ZEANHERLYR

MAEARLBEHTEAZARNERS, XEERAPNKADTHEARR, MEH
AT R LN, MRNEABREERE. SRR, HNEMXTRZRERD.,
PR REEX=FHEENRAER . DRESTH = ANRNEEARLY ROEW
BENRTE, BLEINEATHRANLY RITAELLRENES.

3.11. RUEMESHANHRYER

KRR ELREEMNBEEANIGHTHR, BE 22t BIERRY w=03. #FA
U75V #5050, ERIRE 00,=565MPa, & RIGLEFAWAEMIRRME S Lk
ERTNE PR Smm, BEAHEEKH 16.50mm, & 13.48mm, FEKE 15mm, BT
R OB MWD B R — RFIEAEM, HHEBQRRNABEET K, 52
m#E 3.1, B3R,
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BIERHER R R L #4703

£31 BUEMNEAHRER

F & (KN) BLREDHNHEERTF (MPasm'?)
Ky Ky Ky

10 047 0.35 0.61

50 235 1.74 3.03
90 3.87 3.12 541
100 393 329 5.63
120 3.59 343 541
150 2.15 242 4.32

A
S W o

K ¢(MPanif2)
o
Sy

=
=

50 100 E
FR&y -

3t EEO-BRKEHER

B 3.1 8R, ERHRNBARBN=R K ERTHELR, =HHERHHKTE
R, BERREMAERD: MK TREATERERAAMNARGY RNE
W, AR ER AT R T THAOERAER, HRBERN
EMUENGREFH TSR, Bit, 42008 (P& 100KN) B, #3EmK
FRRARRRE R, BETMEEERIRER, BR K EHK SERHBX (B
it 100KN) B, RMBEMXARERSTEMR, LEERTVATER, BFHERR
PEMERRERER, IRERARRELSHAELYS, BHENRR K ERTTF
.

BIEERIERBAT, EaHFLET 150KN, BF ihRRAE EH 3 Ky
RZMBX, X K MKy BEH 5 8RB E A 7 90~120KN fE AR A
SBERETERA, ZUHEMNESERT 21~25t FHHMEMNN, EiZEEARRNNE
EETHERAK, XEH 21-25t MEXHARLAEREZHNAZ+IAE: EAhEL
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BIEMFHARRB L E AR

120KN FARTFRNEMRKETHREBRANTERER, BMERENHE, XCE2EY
TAMFASRIERERIRONGEE, ERNAINEEFLALENL.

312, RHRMBARABHRIERN

¥R MM RIIZARH B ERESCHERA, RERKSHEAFE, BURE T
HHGRENABRERT K, $RWET32. B3.2 6w,

x32 BEBEHERATNSR
FBKN) BGRBEDHENHRBEHATF (MPaem'?)

K; Kn K
10 0.1 0.85 0.79
30 0.02 2.57 238
50 0.05 4.44 4.20
70 0.05 6.62 6.06
9% 0.23 9.35 8.20
110 0.59 13.02 11.06
—— 5 =
12 -~ Ky - ,.A
- ]O [ —a— KIII J”/ -
S| g
£ 6f L&
% 4} . ;,A( il
= 9l Vol
(2) f’, - — _‘ﬁj

B 32 REH-BREEMXR

B 3.2 8, MEAMREERGEH NI YK EFHEXWATIHE, =&
BEBE A D ATIE M R MR BAAM IR K BLFEFEN.

3.1.3. BRYEMUGRHMARLEE

NN RFENES BRAESAAR, RERABEAE, BEAHFH
HRGRBNHBERTK, £8W% 3.3, B33 Fir.
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BRIEMFRRBLE AR

£33 BREARAHERATNEGR
FAKN) BORETHNHBERF (MPaem')

Ky Ky K
10 .04 0.44 0.15
30 0.12 1.35 0.46
50 0.05 21N 0.78
70 0.25 4,20 0.78
90 0.51 5.66 0.68
110 0.59 7.16 0.74

o

K ipal’2)
(=) [\ 79 o,

10 30 50 70 90 110
Fagy (k%)

33 SRS BRKHEMXR

B33 B8R, YRAMBLEARHENG T E K GFHEEW, MR KmE
BRMEA: Ymhx 1B & K ERWRA, [REAY 1 HENREENE.

M= HEGTELERRE, ZAHF, REERIN K TREX, BRI
mAx K AFERAEREY: BANNZHKEYABRAREH, ROATEXWI IE
KE dRHhEEZWMIEK A,

12, B ENHRLEN

B AR R A5 A R A B AR A 6 BB PI R
AL
321 HEEREENSRGER

ERERAHARENN, BMLESHBLAREENRRETN, FN5IEHR
LU S35 BRI N /158 AT K L.
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BIERFA AR FL R

FREMPLAOTENE, XRELARNE L —RFEHI. 08 3.4 FTR,
VISR ML R BE fE D R BRI B, B B AT S AL S BT/ K 1/4 BhEL B3,
—HABE R AEE.

- f

B 3.4 REEHP AT

- XMTHZLZH, SEELERNERNIRNEF RERN, SdH%ERANTE
BEEMHERE KN 16.50mm, Ei#K 13.48mm. BEAE 23t, BPEERH =03,
R UTSV 5L, EREE 00,=565MPa, RAKER 40mm, BE., FMELRA
JUMCh 123024, H5 AR 166808, MM AT 1.15x10°N, S A 3.45x10°N, it
HERME 34, B35,
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BIEHFH AR L AR

£34 HEEMORTNER
HiE DUREPBYHBEETF (MPaem'?)

K Ky K
1 0.1691 0.002341 0.1496
2 0.2362 0.004533 0.2091
3 0.1045 0.010322 0.0935
4 0.2526 0.009276 0.2242
5 0.6065 0.001708 0.5351
6 1.6028 0.037783 1.4056
7 11.5938 0.326951 8.8735
8 2.08224 0.603436 1.1048
9 1.44231 0.619973 0.5489
10 1.35811 0.622282 0.4748
11 1.44440 0.619151 0.5516
12 1.71206 0.605333 0.7909
ig —— KI
—o-X
~ 8t "
—a- K
% 6} m
& 4}
|
. i oA
0 1 2 3 45 6 7 8 9101112

PN

M35 PHPREMRET 40mm BARR K HERRAE £ XN

MEFITLUE S, THARNBARNORE K HHRM, REEMR 7H~4T
—ABKE, MXERREBHBSHBVYERAMARMLE. TLUAK, ERUME
VA BBEER, REXNANBEAARGT BREFRERRA, HAMEZWEHTTLLREE.,

AETUER, EERENNNE T RBNEEP, Ko —ERD K K ER
IERL RIS, ERGEHEREIER, ML RS RSB, REBETRE.
HEXH TR TR - BHE.

HHEEZREr, MEARGKEELAET 40mm, BERLRE K EHRED CF
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BEMFR AR 200X

it 12 MPaem'?), RBEBRLARB TR T EES,
322 BEEMERESHREG R

REKEEY 15mm, RIFTR2ERE, BRhEm s REESIRPR—EFE
B, WMMEMEF L15}10°N, AREH 3.45x10'N, BUBREHE, SEMmE S,
B 3.6,

®35 RaEmiRiNgR
R TRPRER HYEREPENEABEEATF (MPaem'™)

(mm) K K“ Km
0 1.98 115 3.13

3 i.51 0.52 277
4.5 1.36 227 1.87
6 1.33 37 1.46
7.5 0.86 562 0.4
9 5.94 24,56 7.40

25 =7

80 15 30 245 60 7.5 9.0
&40 8 (nm)

36 FARARAEMAETRER KHE

3.6 B, RYEMEBLBERGE BITAP R 4.5mm HHER K HEWF
K, BREMK EBGEMEATATHE; DR FZRLE BB R 4.5mm L
SP I REAEHAEEM: 7 4.5~75mm KA, B K ERERD TRK
BEREEMEEE A, BATREARETHE: &84 7.5mm 5, Y= K
ELHFHEM BEMnERERER, XRALHEHEMEGTEERS, BAKHE
BEF . BAF RERKMR.
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BUER BT RBRT H2F frif 3L

33. FENGE

FEREAH PRI NN IH N AR TRNBEARE RS,
BAHET Ao EXAATRSEMNANERAREY BITANEREE,

it RS, TUBBMTER:

=[P, REERHX K FBREX, KAARREIN KLREEEMH;

ERLIMZHMKENFTRREHE, BAHEEEWI. MM KE, AAHEER
1A K 1E;,

ERDMMA BN, EEBNNBEMHNALER 14 BEBEN, N8
RBEWREY, H{MBL w072,

RO ERSEREATFR 45mm DANHNGT BEMAEE,: &
4.5~7.5mm X [R]ARGY BITHEHR: i 7.5mm FRYF BAAMR.
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FHHFRARM - 28X

F4E HMEFLRSEHRIPRLY RITAEN

RN~ ENEM A NER BN NNBEARET ROLRERHEETHX
B, BEBNEREHTIERLREBRTRARSY RITH. ETRENHE. #
PERRLY. FRBEEEAT. TEEESTRALASH L RNBEHBLT RIT
HRATERRAOE A

4.1 BEXNHARLEW

B E AL B AN, RNERNPITE R, RPERERE L p=0.3, 0% H U5V
#ELSh, JBREE 002°565MPa, 15Smm KEAIRL, #ITARMERE. EENTAR
HE, HEREZREE LN 21t 23t F 251, WA P 2x=1/4P g5, BT RFIHERIFH
BRGNS BERT K, SR0K41. B4l

R4l FRAWERTEFALTRTRRKM
AEIRRYT HERZEF FYRETREABEET (MPasm'”)

Ky Ki K
1 21t 5% 1.72 0.33 2.03
2 23t MEE .75 0.30 2.26
3 25t U 1.99 0.36 2.53
4 206 MEE 3.7 1.44 4.99
5 tMEE 2.90 1.21 472
6 25t MELE 3.05 0.69 432
5
4 9
£
x 1
0 ol bl S .
0 1 2 3 4 5 6
I

H41 FRAMERTEFHAETRTRRKHE
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BEMFR AR L F AR

M41 B, EXETRTRLAKESHESRTZTEINR, MAFR L. M EK H
K, DEKMERD: 2HFEREEIRAT, BRK EEAHETLTIK.
BHLEE, RAMENTRARE K HEWENFTAE.

4.2, RYEEREHHRGEE

ELFRBELR L, MAdTRIARLEAERANERNEETAETTRNERE
RE&, WEHEFRAMEERY.

XERMES 23, RIERRE M 0.1 3 0.5 ZMZE, HLASHEREFFRE, &
SRR RIS HRORRN B ERT K, HRNE 42, E42.

R42 FARLEERETRRNHBREET
RMEEAN . ROARRTBEABEET (MPasm'™)

K, Ky Kin
0.1 3.54 2.72 5.41
02 3.26 1.98 513
03 2,90 1.21 4.72
0.4 2.51 0.44 4.17
05 224 0.13 3.56
K &._.
5 - :il T i,
5 ar=a-k, e -
X 3 :\\'
g ol k-3
;. 1t o e -
— . Nt
8. 0 0.1 0.2 0.3 0.4 0.5

BEd42 FERNEERETRREHBEET

ME 42 FAETLEH, BERNERREMER, RREH K EEHMD: L I
B K ERPMEHEERTR, W K EH DU ARE.
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RIER PR

HHBAG, AWRRSKABLRMHN, WRHTT IHGM, B2—BHETHE
FRE, aTRRRGEBEEERARE, NBPETRIRFENHBERTHESE
K, REG REEMR.

43. FFBEZFR R HRLAE N

AR&BRHRAAFREFTRAR, SINEARLY BROEHTRARE. 2HHR
EHRLBE—EERRBPHR—RIBELIRIH S BEARLAERE R,

BX g02 7E 500~900MPa MR, LHEBERY =03, REHKSELE, BYH
R B RGN REET K, SRk 43, B43.

K43 FRBEZSEARTRRK M
GoAMPa) BLRMMPMEHBHEETF (MPaem'?)

K Ky K
500 1.86 0.69 3.50
600 3.35 1.36 5.27
700 4.29 1.60 6.48
300 4.84 1.81 7.14
900 5.14 1.95 7.45

9(}0 500 608 700 800 900
Co.:(Wa)

H43 FARABTREKHE

A 4.3 Bin, HYRE=R K E2HHERN 00 WREBEMEX; ZEAET 700MPa
LART, R K EMME, i3 700MPa B0:3E F B #) oo BT EI4R K M INEES.
OB (BESH%. BB, R, O0X8), £ . B,
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BRIEMEFARM L FAR

GBS FHLBRER, RE-PXERAMRELA™ENRNEMESHHRT FiE
M, \EETUEES, WREERLREM oo, MOHORLEHN, —Hig4kTHY,
BeERARFTEEANE A, BH=H K EFSKERN, HENGy BEE MR,
BT ENEDEMETHR. TEERERBE o BIRKRILAN, HERHK
R AT M RERR R, TR TRAY BARAMMG R, il 0L ENE
AiEE. ZERCELBIAHRIE.

44. TEREXHARUFE

FEFIEREE MRS, RAEHHOIERAHERK. ERERESBRHHTRS
BEEAXERY, FATHERBRNESI AR, HERERFIERVHEE, X
BREBIRMEM ERET — M ReEMtEAR, 8.

P,=P,(1+13) 4.1
Rob B gim g i R,

h st

— % p B EMERR, TR

=0 1 128 1.65 1.96 2 2.33 3

p=0 683% 80% HN% 95% 955% 98% 99.7%

S EHERA. TERENSIE RN XA R 2,
migkAng  S=01
mgka—g  S=0%
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SE R R AR LA

SERA R 5=03¢
O EERM,
v < 60km/ h o=1
v—60
¢=1+ 350 (BE)
v—60
v> 60km/ h b=1+"g5 (B

BEARXNNERFZHEMENTRIRTTRIOEE, FHRT &N 24N
B, NAEER BRaE.,

KBS p=99.7%, W t=3, BALERE—M 5=020, HuEdrr v M 60 5
140kmh Z AL, HEBERRN®, WRET AR R,

FhH UTSV 25050, BRIRE 002=565MPa, FIHHEBBIM—RFzhaa ™ %
HRERRENEN, EASNERAE, B TARNENAARN HEEETK, &
BimE 44, B 4.4.

R4 FRERTRRKE
vkmh) BERETHNENEEET (MPaem'™)

K; Kn L
60 1.99 3.16 1.69
80 2.75 4.09 1.36
100 3.50 5.08 0.93
120 432 6.17 0.60

140 5.15 7.38 0.24
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FEMER AR L EMIRIL

K (Mpawl )
- R |

S

)
<
[ox]
o
oo
<
—
[y S
L= I
—
&
<
—
e
o

H44 FARHETRRKHE

H44 Bn, BEREEFHEA, R N K EREE, T EKER
Wik, ZETRERKTERRMY2HENE, HPNHKERKES.

Bk, HEEEEABERBARK, ZLERLRH K BEX, RHEF RN
r.

4.5, AENG

FERFTHE. RIERRY. FREBESRAN. TEEREFRAIAS RN
WHBEEHAROY RITARZEEL. TUGHMTER:

(D EETIANNABEHHOEHARATEZETLR: MAZEETIRT, &
R EN TREEMENTAE:

(2) BNERRPEBHBRANTHIY R:
(3) BEFZRMINPRUFLEEST E:
(4) BMEFFEWMKXEHEFAMK, BORHKK EHEX By Rmk.
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BiEHFRARM L FAIR Y

F5E AAMARSZERWANELT RAFENAR

HAREFAT — R TASENRABEARIY BIT AW, XEH R
REEAEWES L, mEMAHMELENEY; FRUESEREAAREMER
K APETARKY BRITHRIEM. XENZRXEFT RN TREBLEEER B
BRI RGHEHRIAGER, BLHEHERRAZEIR, KITNNBEAHRLY RIT
AAoy LR,

51. HESRRHNHRYY RITA

B B 4 2k B A BRI SR ITHIA, SR 231, LHER R H =03, YIFHH U5V
HHN, ERBEE 00,=565MPa, £ BIIGHEFFARAERLHEME DO RN
EF R Smm, SpEEKH 16.50mm, 554 13.48mm, HMEFEH 1.15<10°N, HH
BH 345x10°N, HEBHAE, BIRGKEHN S, 10, 15, 20, 25, 30, 35, 40mm
M—RFVERBATHE, HHEERWESL. & 5.1 Fx.

®51 HEARHRENHHREET
BUKE BRIRE PREHNBERT (MPaem'?)

amm)  BEREmmM) K Kq Ka K
5 1.71 1.40 2.20 0.27 1.57
10 3.42 2.50 3.30 0.35 1.32
15 5.13 4.80 3.00 0.84 0.63
20 6.84 3.60 8.70 3.20 2.42
25 8.55 9.50 46.9 17.8 494
30 10.26 795 11 354 1.40
35 11.97 192 203 77.8 1.06
40 13.68 408 354 146 0.87
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BIERIE IR ¥ Arig X

400t — K
f
. 300} -o- K,
3 -t K
2200 i
- 100}
T T Srrva ot .
5 10 13 20 23 30 35 40
R (o)

BS51 HEARHBL K2 XEHN

ME 5.1 P LI EE S, BERGKENEM, K. Ko Ka BIZHHK; 7 20mm
ZA0, Kin Kiv Ko K218, M 20mm FE=EREHEM, B K. Ko mEETR
F K, HP Ky 7E 25mm &/ Ky KnfRE, XRFENBLS RERRETHE,
ZREKBEMEAE, EARE E K. B, 47 20mm Z 87, WA &4 £:20~35mm
B Ky K@, ROy RN RNGE: 2 EEHKEN - B R.

SarmayitH 4 RALE, AR 40mm KHIZEE, R R T R Smm
RN EER T EUPINE T REMOFEE, RUERNNERNERRE PO
BAGERYY .

I AR A B TR RERARH KK BT TR, IR
BALEN, ARERLELRLAERT R, BEE KK ZXTIH EARAT B, KK
AT EME A SRR M AR RETEEREN KK ~a XRBQT.

A

/ \
A\

~“l\3\-/// \k~,’__:'_

5 10 15 20 25 30 35 40
%ﬁ&’ﬁa(m)

L R L]

(3]

KI1/K1

[ ]
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S e PN A e VA58

Bl 52 HERARARL KyKr-» XRA

MBE 52 BRI LB, KK, XZHE/D, £ 15mm BABR/ME, REZFFRL,
7 25mm BABIBAME, BEENAHE DN, 4 KwKel i, B I RPFRIES,
REmaem. B KyKel BHEAMRE: a<12mm (HRQIEREFE AT 4mm),
PAK 17Tmm<a<35mm (BPREFERSEIHE 5.8~12mm) AEXH K BERARLTHEER
EHER:; BOAKEPERES KK EBATFE—ANRE, BAREZHAATHEEE
K RPEBEZAMHARED 25mm & KK BX, KRFEIABREREHER, HEBHH
LERHRELA N 8.6mm. ZHMEESAHUEL R EEYS,

5.2. #42 800m MM EHMHEST RITH

MEBRFZEHRRAT, NIRRT RPIMERIEE TEN S K, &3
IE 90%", BAHX B AN B th R AMR AR S RIS S A I . BUEIAR 143 800m, $HTE 23t
EHNERRE n=0.3, U75V X (602=870MPa). 2EIEHELE A4 BT HE
fil B rP G R T P SR AR ) T AL 16.5mm, Al I 4 48 13.56mm, K6 84 13.56mm, Hihn
F RS L15x10°N, R BT 3.45% 10N AR A 2.875x10'N KR S HFE, BIPL
KEH 5, 10, 15, 20, 25, 30, 35, 40mm K—RFIERGETHE, ERMES2.
SREH K~a R KyKa XRE, S£RmAE 5.3-4.

52 ¥4 800m HESRARARLN HBEET
ROKKE BOREE HENRERNHBEET (MPasm™)

a(mm) BT & F (mm) K Ky K Ka /Ky
5 1.71 291 85.5 183 0.29
10 342 32 48.4 824 15.1
15 513 80.5 18.7 329 0.23
20 6.834 50.1 153 21.6 0.31

25 8.55 74.8 0.18 232 0.0024

30 10.26 754 0.35 19.1 0.0046
35 11.97 874 2.8 273 0.03
40 13.68 90.5 2.8 17.7 0.03
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BIEMFERRRA L AL X

250}
"T 200 [
= 150}
£ 100}

% 50} e .
0 e

a 1 13 20 25 30 33 40
L o ()

53 ¥4 800m HEARANFARL K2 XRH

A
13
_aof—f
a1\
z, { \\
1 : —
5L 10 15 WZS 3 3 40
R FEa m)

B 54 5 800m HRAHMHABE KKr-a XRHE

SR S EE LB MM RUNT BIERF TR, BE5_FHZHA N RRHN
B E. R, BRTAAFEENER. WLEY, BRXAT U5V #XMANE
BNPBEFIRAER, Bh FRIUZHEGES, HHBRINRIREN 7 EEE
FEBEKR, HRARRNBERHRANERERENELRET R,

ME 5.3 KE, ¥4 800m MR/ RN RLENHBLEARBERNR I E
B, BYRR=ANABERT K EFBX, IHEEERARTR TRAFRLLU=
MEAHAT B. AHERAKENEN, =0 K EHFHERD, XP KERGKE
10mm B BREEN RIK, BEE RHIFHEMBRMEK: Ky K MERNE—EREBET
IRE.

5.4 575, 7€ 6mm<a<l4mm B, FF 7 KwK>1, IR S IE BT R E 49 2.1~4.8mm
WETRE R A4, HPEREKER 10mm & K B/D, KoK BBRRAE RIABEHE
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BiEREHRR AL ¥ Arie

£5E, WHEAHENRAEERREmEREL N 3.4mm.

S5HHHENNBEEARYFERL KKl BREAR, 342 800m s/
MR RTE 10mm KEWREAE KK, THAXEH K/ ERZEAT 1, ERHA
ER IR TROEERIRRUCENMFARRESW, T By REZECENUE
ARERFVIGEAERTY R.

53. HHEYY RYLE

HSIWIR, UBRGRERVEBARR, BERRELAN X, RERRDEHY
B, ROMENFFAA Z HEIERLFR 11, NTTUARIRNREES BN
=HE.

I cﬁﬂ

b*

fa

B 55 HEGMPNTES S

47



BIERPFH R T #0083

r ﬁ&%)\'ﬁ"%ﬂ%\

o ey

B 56 LTS AEE

B HREARRYKE THANBE TS RN A=/, RAZEZERRE
frEAL. B 55 BREGKEN 10mm HHHEAZE, Edints SEEmaEnT:
a % 3.5mm, b /% 6.1mm, ¢ 5 3.7mm, d /5 4.7mm, ¢ &% 14mm, f & 30mm. FLAFH, B
U R R E RN LS RS, B— Rt aAE(15°~40°) " BE a-b
B N EPBE RS M R 3.5~6.1mm R, B2 R ARy R oK, Bhat SOUET ge R mmn A K
KR, BHETE c-d FEEAEEREAE 3.7~4.7mm &, 2 #8757 /) HikiL S00MPa,
ARBLEKTE AT BH SRR, RogSEAmT REMBERFE 7, $mm B it
Ae AEFZETEHE, HNEHEINATRRET SE, B EEHITNNDEZATS M
IR, KT e AHBIEEESTEE 8~mm EARGEAZR AN TS HPYNATE
BRAEREER; e A f A2 REPEREAERE 14~30mm % T35 MBI /7130E
B/, Bid 30omm FEE FEHWMANFAERREEHMMI LT WIS, HOUR
HREH .
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BOERET AR TP

e —_

Bl 5.7 HEMMMNEREBAS

B 5.7 AMNHHAREEREIN A ZE. B8R, ERYPIRT RERRE
B SZ 245 1A TAEARI M 7, BEHE PR BETH 2 () 1 0 25 ) s in, BEeRERNG
| TR Y RBE: EFH A TFRIN 3.5~6.1mm HFE, 8= TELH RN
BHRIFRAFIRAE (BEE 55 F cd KiFLL), WRENESHATKFERINE
et [ TG Ay RREEENEABCEAER: BT RE Smm FHE#
A=BEPELARE, MBHFRRERETRAELED BUESMEETHELY
CIEN:=
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BIEF T AR F AT

B 58 HERAPEEEHAES

B 58 A RPRETH AN 2B ZE BRI EA EEFHEE H,
HipmiTErm, BERAEERTET AT R,

59 HERMANBINITSUN S
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BERETRRFT L FEMIR

B 59 AR ENESEN . sRPANTREFRA—NXHEAFRE N
B A, B BRHEEE A BT K 2.3~6mm Z[@); ZEEREEHAEE 14mm LA
RELBHFBRNA: 14-30mm ZEFRN A TRDEE; @i 30mm BHERM IR
PILEAF. FRNANZHMHRRGHHEHITN DG RREY BARE T2

AAHTERFTLE S, EHWNIRBFIMIBEHRIS REERHEERE.
REZRFH. RVEMRE -, RNBEHRLH LS, CERE—ERETEA,
R UZHEN I ATHNNER, THREREKTFRBEER. XEASRNBEH
ERROERNNABHAHE R U5SRNEREDUTIRREXBNALRERAHE
X, mB G — P RERNEFTE, RENDICKREZARANIRABIVIN 4
7, WEXKERTFHREABLNT BRIER.

54, KEING

B E T HELBMHAEL2 800m ik RN BT R AL 38 T 5L T RBE
SRy BT R, FURABES LIRS THN DS S HRE TR B
H. AU HIT4iR:

(1) HEEBLMmENTE SR Smm BT, RSEEARNGL I 2R
AXE, EEREDEE 35~6.1mm RAREERBRKYRE: EERTDKRE 8~14mm
BEHRAEEAER: M—BFEEEE 30mm HREFREEM.

(2) %42 800m HESMRMPBHARLU - BEEH AT B, BHERS
By BRE, MOERERE 2.1~4.8mm AR R EKTFHR;: RE—By BREBHM
BERRARSEFIBAETRTX. _

(3) HHINHRBHANBEEARYY REAEANTIEER. HELKBIAR
REAG BN, BN BRSNS BREARE. RAFE A TR
AR EBHN S, B TFERES LB MIN WA ERRERK TR L#
PO RBRIRFERESE, —HEARTERKE TE M., N FHGTTRE R
ay R, A—HEAREMENAES, ERFARGSAKFVGREREY R.
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ek PR e AT S

6= ik

ANHIMEERRBREHONABAMNNLGRAE, UREFRTHTRMS
ANSYS AT R, FRELNRIULABRMER &M, AFENRIRNBEEHRY
ZHEN, BERERANTERATARIASHRE=AEE). BRAE. HE. £
PERRE. RRHER. TEEESHNNBEARLY BT ANER. HMEHET
EZAMERE 800m MZSMNRANMHALRE TR, BB TRNBRARLY BITARN
W, BIWMT/LESE:

(D BEAHM=HKEHFEAEN, #HALETEEM I, B KE fahE
ERWM UM KE E=@hP, REERNM K FTREX, EiE PR A3 K JLE
BEEW.

(2) RREWNYnEN, EEBNARAHRYELS 1/4 BETEA, 3t
HEFBEEMRY, HRKUEZWEIALIZE, RYURQEMIERENTH R
4.5mm AN HRLT BRERAEE; 7 4.5-7.5mm KEAIARGY RIFHTR; &id
7.5mm LY BRI,

G EFTHRMNANBEEMREY REMBEATEZELIR: HRATEEILT,
NAMEXN TRIAT RERERFTHE.

(4) BAMNBRHEERY, BRNRAMEREENNEERE, SHEHTRYY
E.

(5) BEALHEHMERTNEF R Smm EAL T, NNEEMRULL-T B RA
X, HEHEEHERE 3.5~6.1mm MO AR SAKTRE: EEREHK 8~14mm FE
HRERAERE, T—BRESIT 30mm HERFREER. $42 800m HLRIMBR NN
BEAMHLL ML REEAAAS R, HHERXRKRT RAE: RYUEBRERE
2.1~4.8mm WA R RAEKTHE; BB REFRMENBTRSRFIGAEDT
BFx.

(6) BHUNAREHRANBEANAY REFANEERER. MEKBTIRRE
YA RN, BN RN REENT ABEAR . REEE RIS
K8 LTy S, RO TEKEZ LB MBI 7w w] BEH R KPR M
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BEREP AR L $Are X

RUAKRIBFEXE)S, —HERRFERZRD T ZMEINS, SRR ik
MR, BHREARSHIINAE S, ERHARISRENHAEHNAT E.
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BIERER AR -2 A i85

F1E RYE

FRIHAT —RRUAKEMES T LREENRAT RIT AN EW, REMNEE
JIHAEFBRTRAKEZLAEY, XX TE2ETHARGY RITHRZTI %,
HmAX THERDEH.

EHERALET, ATRAAE, ROEMEAT2A Hertz B R THE B
BERSE, Brimetseshsmt  th R M. R0, BREEENRE BAN H R AR,
A S KT AN REREN NG AR KRN, I, SNEMNHEE
ARG A1, RNERT.

ELMROY RRE—ABHATHLE. #EERYAT. AirfEas B, —8K
BRIRGER EA—A i, ARICRAESBIXFHER.

B2, ARIHATHEENEMN, KREN, EXERRUER, SEENLNN
FHHEHRLEBRAFRAHT .
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