XN ARRNIN
4% AW - 1945 7H

EKEXEX

pp. 761~769

22 EsiAMe Bgde THS

Fracture Behavior of Rail Steel under Mixed Mode Loading
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Abstract

Actual load acting on rail surface in the track is the combined mode loading due to the contact
rolling load of the wheels. To investigate the fracture behavior on rail steel under combined modes
[ and II, fracture tests were performed by using the test jigs and fracture specimen which were
designed by Richard. The analysis results of experimental fracture data were compared with various
fracture criteria that have been introduced for determination of the crack propagation direction
and the critical stress of fracture of a crack submitted to a mixed mode loading. From the results,
it was shown that the actual crack propagation direction of rail steel agree with the crack propagation
directions predicted by maximum tangential stress criterion and strain energy density criterion,
and that fracture criterion follows principal strain criterion.
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¥ 1. Chemical composition of material {%)

Composition | Si Mn P S Ni Cr Sn Ti
Materials
NKK (used) 0.61 0.22 0.76 0.007 0.003 0.006 0.02 0.06 0.003
B 2. Mechanical Properties of Material
Properties | Yield Strength | Tensile Strength Elongation Young’s Modulus Vicker's
Materials (MPa) (MPa) (%) (MPa) Hardness
NKK (used) 4694 889.84 113 272222 24.0
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218 3. Test Jig for Mixed Mode Fracture Test
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¥ 3. Fracture Test Condition for CTS Specimen

Precracking Main Test
Specimen Remark
No. Pmax (cycles) Lengthi R |{Temp.| Freq. | Load Rate | Load Angle

(mm) (C) | He) | (FS/sec) (B
FFSP1 | A(60050)—B(190900)—C(230350) | 31.80 0 A=206kN
FFSP2 | A(49730)—B(352630)—>C(490000) | 30.50 | 0.2 20 15 0.01 30 B=14.7kN
FFSP3 | A(90020)—B(232030)—C(321000) | 31.26 60 C=784kN
FFSP4 | A(114080)->B(263010)—C(84890) | 31.68 90

*FS(full scale): 49 kN
Bl4E HA9R 19945 71 — 765~






—-————  Maxisus tangential stress criterion (Erdogan & Sih)

v wm e Strain energy density criterion v = —3L (Sih)
o Present work
s Brosk and Rice

LAt §
o -10 -20 -30 -40 -50 -60 -70 -B0 -50 -100

0w  degrees

3@ 6. Crack Growth Angle for Mixed Mode Loa-
ding

Ki=0¢ A% U &, $42= 11 H$o
JA B Ay A 55.7° 712] 1 Broek$} Riceol
AYAME 56° 24 B2 93 TR
705°%h= Aold ghg Uehin oy & Ny
e A9 e FIYRAEE za Yok ol
EE | dFe] ¢A3) wiAg ¢4RE 1 33z
Yol FAHA gl 7ldsickn AR} #9,
SHEYAFE KwKo] ol Hgo] wpet 7Y
A A= AXT Ko Zagel gal K =
7¥he o] Yehde ¢ 4 gl

ERRES A AN FERFOZRE 27
o @de] ARE ¥ R I gHSASE 2
022 FolAn, wely #g& me 11 8F0] A
AE 42 &, Hd 38 Az wgosm
AL & F ok oske A1) 28] A
HYAFEH MO Sihell ofs] Aty HAw o)
UA] AxAdése) o8 FANAAEE KKl &
T2 =dstsid 29 63 ok

ol ¥HEY FEYF F=r}t —5313° o]}
A AT 49 JAYelx] Y Mo 2§

HI4E HA4Y- 19945 7R

Strain energy densily critarion (Sih}

N

-éo Maxwus energy release .
: rate creterion{Hussain) .
k- o~
g o \//V
§ 2% .
z Cteri =
Criterion Maximum siress criterion
o | Amestey (Erdogan & Sih)
-
[
g
S

B Broek and Rice

20 ® Present work

L i 1 |
0 6.2 0.4 0.6 0.8 1.0

Ky +Kyg

3l 7. Direction of Crack Growth as a Factor of
K||/(K|+Ku)

A8 d=e dAYow gu B dF Ane}
T dAs glom o olde FPARLME A
LYY A el g AR o @A
YEPES o & ok §9, oA v1ed gHr)a
ol9l9] theFet vEel g FANY Az Ky
K+Kp 2 Jehiw 19 730 2o

¥ 7€ AHEY Ky/(Ki+Kp7b 05 o)sto A
A LSS HE R Hadgolux) WxMe] FA4g
3R2e 2L YL Jehn gon, 1 99
EES T & FEAEAEE Yz Qo) @
H OB dFoNe sdgdne Ku/(K;+Kp) 7}
05 o3t Ne HAFSHHH HiHYohixa
EAde g% HorFER Ao ge AE e
Wi o] o] MeclME aUu7te) FadAaE
T WEAFIL Ik g 2 o) e M o] & x}¢}
& A9 ZAX7L FolPe o 4 ok

4.2 WIP|E Hlu, HE

EUEEsN e gHGYA+ 2R H3jr)e
& M, Hrhsky) g8 sEare wazte) 00
el SHRUALE DAY KB st Efw
=ael o] SHGUAS K, Kyo) 45 B ug
A3t E 60 JebiTh @8, 7] AtY %3
e B Adgasany Ki/Kic® Ki/Kic9}He] #
AE =4HoZ Jehid 39 8% o) o8 4

—767—






10.

11.

12.

13.

14.

15.

HAE FAR- 1994 TH

27, 1987, pp. 643-652.

. Papadopoulos, G, “The Influence of Geometry

of Edge-Cracked plates on Crack Initiation”, Eng.
Fracture Mech., Vol. 26, 1985, pp. 945-954.
Fisher, K., and Goldner, H., “On The Formulation
of a Principal Strain Criterion in Crack Fatigue
Mechanics”, Int. J. of Fracture, Vol. 17, 1981, pp.
R3-R6.

Yu, B.Y,, “A Discussion on the Mixed Mode J-In-
tegral Fracture Criterion”, Eng. Fracture Mech.,
Vol. 16, 1985, pp. 156-162.

Shah, R.C., “Fracture under Combined Modes in
4340 Steel”’, ASTM STP 560, American Society
for Testing and Materials, 1974, pp. 29-52.
Yokobori, T. Maekawa, L, Yokobori, AT, Jr,
Sato, K., andIshizaki, Y., Proc. Int. Symp. on Abso-
rbed Specific Energy and Strain Energy Densily
Criterion, G.C. Sih et al., Eds, 1981, pp. 45.
Awaji, H., and Sato, S., “Combined Mode Fracture
Toughness Measurement by the Disk Test”, [
Engng. Mat. Tech, Vol. 100, 1978, pp. 175-182,
Sato, K., “Fracture of Building Materials under
Mixed Mode I and II”, JSME(JAPAN), Vol. 39,
No. 447, 1989, pp. 62-66.

16.

17.

18.

19,

20.

21

22.

—769—

Irwin, G.R, “Analysis of Stress and Strain near
the end of Crack Traversing a Plate”, J Appl.
Mech., Vol. 24, 1957, pp. 361-364.
Bueckner, H.F., “The Propagation of Cracks and
the Energy of Elastic Deformation™, Trans.,
ASME, 80, 1958, pp. 1225-1230.
Sih, G.C., “Stress Distribution near ¢=0.75 or 2
Internal Crack Tip for Longitudinal Shear Prob-
lems ", J. of Appl. Mech., Vol. 32, 1965, pp. 51-
58.
Richard, HA, “A New Compact Shear Speci-
men”, Int. J. of Fracture Mech., Vol. 17, 1981, pp.
R105-R107.
ASTM, “Annual Book of ASTM Standards, Sec-
tion 3 Metal Test Methods and analytical proce-
dures, E 647-91", 1992, pp. 674-701.
Richard, HA., “Some Theorical and Experimental
Aspects of Mixed Mode Fracture”, Proc. Ini. Conf.
on Application of Fracture Mechanics to Materials
and Structures, Freiburg, 1983, pp. 3337-3344.
Broek, D., and Rice, R.C., “Fatigue Crack Growth
Properties of Rail Steels”, Battelle Report to
DOT/TC, 1976, pp. 56-94.

(B 11994, 3. 12)





