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Abstract

In this study, fatigue growth behavior of the transverse crack, which was the most dangerous
damage among the various types of rail defects, was investigated using the notched keyhole specimen
under constant amplitude and variable amplitude loadings. Fatigue limit of smooth specimen in rail
steel at R=0 was 110MPa, and the fatigue crack initiation life in the region of the low stress
amplitude (ie. long life) occupied the major portion of the total fatigue life. The fatigue strength
under variable amplitude loading was converted to the equivalent fatigue strength based upon Miner's
rule, which was estimated approximately 9% lower than that under constant amplitude loading. Also,
in the low A4K,, region (<2IMPaVm), fatigue crack growth rate (da/dN) under constant
amplitude loading was higher than that under variable amplitude loading, whereas the tendency was
reversed in the high 4K, region. It is believed that this behavior is due to the transition of

fracture appearance.
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Table 1 Chemical composition of material (wt.%)
C Cr Si Mn Ni P S
0.721 | 0053 | 0258 | 0.873 0.032 | 0.0124 | 0.005
Table 2 Mechanical properties of material
Yield Tensile Elonga- K. *
strength strength tion ¢ N
(MPa) (MPa) (%) (MPa v m)
481 887 14.5 46.6
* : Fracture toughnessm
19.18
- - 81
0.0 |
A O DIA=4.76

63.5

;'. : : DIA=95
| O
O O

24

613

Thickness : 7mm

Fig. 1 Configuration of keyhole specimen( k, > 4.18)

CT specimen (Kj.)

Keyhole specimen

Fig. 2 Schematic representation of tensile, CT and

keyhole specimen exacted from rail



656 08 5.

Computer image
processing system

X-Y generator

CCD camera
(CS8430)

Crack gage

Brain amplifier H KVA-1A HE}{@} '

Digital controller
(MTS - Testlls)

7777

Servo

valve

Fig. 3 Experimental appratus for constant and

variable amplitude load test

Fig 32 9% 9 WERFA Aled w#dRolS
AAzde) TAEE YE Aot F9 Aol

£ 7hA wEg A Agetel S48 WA
d2Ed B4 G AlelE5e Fe s
o AFW #% W mAdue] AAlA

(KYOWA KV-25B)E H-#sigich aela o %
We ARxad ¥, FLuAl A e sha

78] A]2¥l(computerized image processing system)

& olgsle] FEMG A2 9 HolE Y &
G

FH AEsEAEY A5 AlgHd BEIEE A
g3 Agstr] ofEerz  2w-E 18" (monoball
grip) o] 83Tk ©]= Stephen’ ‘o] Altek 21

24 A4 dde stFold g g AFHA A
98 4 la Fate] deRIMES ‘{Jﬂ] SEuE

WEstE B ZA P e Mg & 5 ok
3. AEER E nE
3.0 Y™REstEste mEeY "ot
AA e H24Ee gGrtehy] faME
dAZEZse) 2yl e AgeE we T8
sjct.

Fig. 4= Sy
g Zy wEse] AAE el Aoy, H 23
=o W FrEe N, =2x100 A2 SRR A
935}, o] ZEA %)‘a‘@ spaba xA4o] &
Abel HgAgHo] st Takao''? %9 AldZAT o]
o, dAYHME 71EAHHe] FEZEE Neuber”

e
1000
- R=0
<
n‘ -
= -l
~ ."‘»\.
3 J 2
o
3 100 S+
=1
e 8:_5
g K=33
B
v
8
& B Smooth specimen {Takao etal). o, =831 MPa
© O Keyhole specimen ( ,). o, ~ 887 MPa
=== 8§~ N curve considering K, (¥, )
10 T I —
10* 10° 10° 107 2x10

Life, N (cycle)

Fig. 4 S — Ncurves of 60kg rail steel in Korea
and Japan

7b A HBREAAS, k(= 3.37)8 15k

B doletz &Aatg AHolth 71F A gH e
235 oF 50 MPa2 H7tEow, 53 X

Z g0 e &y, N gid dAs A
()8t 4.

it

o, = 1708.56 N, ¥ ()
nHEe HEgAqe golHE R
2 Agde 2% Takeod AEARG vl
#AHE 43 dehlz Ao o W AezgEs
A2 Qs ARITE oF 53%U A

N

%i”"l 2L, NE IE A

B, NS 79 AR5d, N2 s Fogow,
ol fqi—?“é ael g dAe oA g Fa

]‘(: )‘11,

oh &t '&%‘%}*ﬁ

w7k

2ol

et Aol G Ade A % A4 B
oA cle ARAEM 0o oato] wuHm |
w ole) Heln obx Syso} 94X & gelol

o9 B Ao wIRAUe], 4, F Koz
Aol 74EEty  ulAd H(short crack)®l 7Eell Al
7 F¥(long crack)®] AFLE o] Xy 7RA0)

5 Aosgict ol& AlgH =X Aol A Wol A}
£33 Ao F A Smithst Miller'7F Aokst 4



AR 9 WBaEaY dUBe H2Ey

3oz AHoldrh

0.13V Dp (unit: mm) 3

a; =
o714, DE wA o], & %iléj o] WA &
I, B ANEHY o, @ F 13mE BrEAY
Fig. 5% 4% % 44 %}%O\ 6} SR - e e B!
ANAEg B 4o gEEAdolE JEhd AR
o] adojtt w& Fig. 6 Yoo HRRFEA o
3 gdBATE S A5 diste T2 3}t
vEbd slelth o] g oz RE FYzlFo] y
T sEgdeE wEEA o] Auj o]zt
YA Zo] & A FHIGAME ol A
Wol AEE ¢ F Ak

o]

o2

3.2 dAsHE0 E3F YHSstEste L2y
HIt
AA stFelolMg dde HEFHEE Hristr)
Aaid e gdo) e AA sFoldHeE 5 3
a7t v} Fig. 7& AA sFolFE FEs]
3 HPA 2" FA4E vekd Boln Hdy &
Folg & F%37] Hste] eldel WHE AolA
Ratsle] dat oAl HEES At ojH e
2ol x| of whare 1¥eA M vie} Fo] A&
Abojell (web)e] debi-oll Al Aeke] gate W
st o @ Boaslolch (D
Fig. 8& ARd Ash-H kel A 4841 H5<t
Ma 2 gat 30Ul @A Tapalel Lolzl EH
A (voltage)ol & & Aj7be| oiste] HE =H(filtering) s}
o ERH 40]‘4“7) o] a2¥elA & B3 7
=z} Eﬂi}"l &Fol 2EHUQ Ao|x7t Kad #HY
of AR5 B & o UAdd Aow —?‘%‘ kel
5H

vebd AAEE ofe) et} o] 1

~1m mlm

Oz: ml\

T Crack propagation disection
e

Fig. § Photo derived from computerized image

processing system

657

1.0
R = 0, Keyhole specimen o, =67.10
N : Crack initiation life a,= 79.05
otal fatigue life (= N, + V) ”
08t o, =102.71

g, =11475
7, = 126.02

i MPa}
0.6

04

Normalized life, N, /N,

02

0.0

e
al Oy Do O

Stress amplitude, o,

Fig. 6 Normalized life(crack initiation life / total
fatigue life) with fatigue strength

1 Data tape
Tie gy Untimm recorder
l ) {SONY SIR 1000)
ail
\ Loagy,

AJD converter
«© (NICOLET Odyssey)

CRT and recordmg

Fig. 7 Schematic representation of system for measuring

Pasition of
Strain gage

load history in rail

20

o

o

00

$ 10

s

20 20

I 2

L5 i )
®

1o i i Tumetsec)

Viotage
&

05

—c

0.0
0.5

Vlotage

-Lo
<15
2.0

25

n L

-3.0
Time(hr)

Fig. 8 Actual voltage history detected in rail



658 708 2.

a3 22 A o gaA FFeyd e Pl
itk #Y &4 gRELe g 2tAy
22049 Fig ol WA S(negative)?] BHAE
aAgP e, Agdat B3 FRE S dap A
AR 9] FRSHEE A dAdE e BHAE T
A AbolE FH-EE¥(peak cycle counting method)&
st AAsSHH 22l BYx2RE dojz
HAHEE S 268 x10 1 m/m olBtEA BT
Zle) Ztolm 2 Hooke's lawol] oisle] #Hdo] wr
= RS AdEIAY Fig 9% HAYE 2
oo 2FE 479 HFd) ot TEHE AA
HA g ol¥g FEAre TaYssled w4
F(number of reversals)®] thsle] VERA Rolt)

HEatEd 98 ARE dAAZEEe H2
A3 vz g Brisr] s wEesl o
& dRNF o) Ity Hrprh Agsrh ¥
EotEatl A Miner HAE 71E0R & §r48Y
Hrte HEsgdEd {83l BuHm gt
mebA, B At dAstFoldogRy Ha
Aol stgHste] dolxl WME g2 o]gg A
GELITE =% 2-B5 YolBUERE P52
7HEte F7HEEE Hrisioloh Flg 10
o] &eolHe dug FAHAELEGS,
olth. ol Fig. 99 ¢¥olyow Ta 2 (4)9} ;:}
2 2.4 golE FAHE LT (cumulative distribution
function) % Atglete]l ¥4 o HeAFE T
T th

Foo) = 1-en{-(5)] @
DM, F, (o) FARERS, At AT

2 5 2 (scale factor)o]r}. o] 2}

HMEEY oo o
N34 (6”N, = C)Hl
sileae

(shape factor), 4+
ol A4 stFoldq] 3t
2 A4 ¢, 18l S-
ol AR AP mo2RE Uo7l
A )Pk 2ol Gamma¥ s, r()%EHs; Herd
& ek

m
Oeq :0{F(—’/’(—+1)} )
Fig. 112 A4 gtFoldozie dojzl HEL
¥ ojgo) FrhgHe U dziyy ARAE

A 47—)(—4 —7]"0— rEe
8}Z Al (loading scale factor)E F3t
A, aFASRe Wk 29 S43de 4
©)el elatel doixl Brhggoz v A3w
th Fig. 11°1A #lgstEsle] Ha2gdes dRFAE
gt A ERY o 9%AHE Fi HriEe
& 4 Atk ole] P9 Fig 12014 R v} 7
o] Fufats Atele) WA X (occurrence ratio)7} v
S &3, =3k v AFD(short crack)e] Ao A=
FofstFel o 7d Ado] Q7] WYrRelgm
Az,

o7 HE]
aqw 7]

o, Peak stress

ek
0.9 o, Yield strength

w

&% 08
~
3 07
bi
e
%]
5
1z
=l
o
N
E
=)
Z

0.0
0 1000 2000 3000 4000 5000 6000 7282
Number of reversals

Fig. 9 Reconstructed peak stress history in rail

100 H I 7 .
P}(U):l—exp[(o 6 )‘j 1
2
5
1763
o
23
N
E
S
=
G
)
‘.L‘: ........
a
O
" [¢] Peakstrcsshistu‘r); in rail
—= Weibull distribution function
0.1 T T T TTTT T
0.001 0.01 0.1 1
Normalized stress, o,,,/a,,
Fig. 10 The Weibulli C.D.F. of peak stress



R=0

o =8I mi+ 1™
K, =337 g

B - The number of block repetition
‘ooo a L
®
‘ o &
\
|
{

@  Constant amplitude load
QO Peak stress history in rail head

0.01 I - - .
10' 10° 10 5x10

P

¢

e

Normalized stress, g, / 0,

Blocks to failure, B, (blocks)
Fig. 11 Relation between calculated equivalent stress
amplitude and fatigue life

Peak stress (MPa)

3

4000 =

W
s
3

Number of reversals

g B g

Peak stress (MPa)
3

0
0 1000 2000 3000 4000 5000 6000 7282

Number of reversals

Fig. 12 Overload occurrence ratio of stress history in
rail head

deirE a9
bzt gAdsrHel g ke FAlel
sz, dd % AA sFd £3 wFas
dAM slzddA NG E AT

Fig. 13& akEete] thdd FHu(R)
0, 0.1, 05914 CTAEHo R A& ANPANI9)
R=0°4 71EAEH] d#%E A vepd slo]
o A7) A, 71EAEEe A o, =13m2FE 3
SR A2 AAAEYE HEHT. R=09]
A 5 AR FdRIAIAAES Aud, @
& AKANA oFzhe] ztolrt 9Ux Hlﬂz.é uj
+ RFAFEHE weolx gtk

Fig. 147 dAAE 2 dAstFste] R=004
A2 g FAAATE el el o71N, &9

O{anﬁ‘z
SR

AU

[}
AA
3=
=

AY2e) 525y 659
I
da/dN - AK curves
s for 60kg Rail steel
) 3
> 10
E/
2
3
= 10
2,
©
=
£
=]
& 107
4 .
g & CT specimen (R =0.5)
=~ ©  CTspecimen (R =0.1)
o O CT specimen (& =0)
® Keyhole specimen (R = 0)
-6
10
5 10 100

Stress intensity factor range, 4 K (MPam'?)

Fig. 13 Comparison of da/dN — 4K curves using
CT and keyhole specimen under constant

amplitude load

5x107 T
da/dN - 4K curves
—_
L for 60kg Rail steel
S
2 3
£ 10
=
= g P
2
3 ;
]
g
2 0
£
2
&
4
()
g
<
] 10° ®  Costant ammlitude load (R=0) ||
O Variable amplitude load (R = 0)
5x10° L
5 10 100

. . 12
Stress intensity factor range, 4K (MPam )

Fig. 14 Fatigue crack growth behavior of rail steel
under constant and variable amplitude load

g8 = Barsom™#  Hudson™e]  A)¢H3h
RMSH(root mean square)S ©]-&3% EA &)
AT 4K, S vt 2”6 ByE vt}
ol @ AK G921 MPay mdl A e AAsE
Hot AAHRE &3 HRFdIdAALE(da/dN)



660 FARE e

(Mag.:x400, Width: 330/m)
(b) Variable
Fig. 15 SEM micrographs of fatigue fracture surface
for rail steel ( 4K *=32MPa vV m)

(a) Constant

7b w2 FFS JEhf AR 5L g
AASES] dafdNol AAEZZ Hu} e Hob
Gz Heo| F& RojFa gu} of9 e
2t o] stF UM A et & ¢
th. Fig. 15% 4K =32MPa Vmi-<toll A g b
& ekl Zelrh 4K B9(AK> 25MPa
Vm)el A AAsEe) shnokge dgaEe] oy
Fdit gu HAntao el WAl Bty

e O
s A

Fge] HEHoR L}E}L}ﬁ )lL} wpebay, A a8
ZalolM A2gdAA £x7 9L AeR
o owE e Hzr)re Wale vdvm @
5 At

4. 8 &

2 Apede I e0kgHl A AREAHE
B4t et AARVEL % ARG FolHony

B 20 #EsEse dzAge desit
ole) Anp vrew 2}
() QAAZste seANFowLH  R=00]4

dAd7re W2FEE 110MPa2 HrtE YL wel
AR Jd 71E AEHe 2RI E G A

o F2gEo) vis) oF 53% Zasdh
(2) 71 ANENY YRy E 79BN 2 A
Gryoes 4—?01 HESH, §HHZol e 1
=]

3
S=1d o] o of) A WAl S=mlo] xujBolxjmk L2
TFRAGAAN 7E Ty & 2, &9
AFo| & A FRddofAE olg a5l
Pt Ao

(3) AAstFo]HH
A= %‘.Zéﬂgo}—ssu SRR
AR7F HAvk

4 & AKFE(E 21MPa V)l M= A AEEE
wo} AAIE 3tFo W4

AL %E(dafdN)

A St
7b w2 Aol He KA G 25MPa Vm)
M Sarjred Wtz <lsle] AAldFo
da/dN°l & & Jehdr)

= 7
B AtE dIBgAY s AFavsa 4
Gaul ARt AFAEY A7 Agew
o)2oj7 Ao=A, ofo] HAA ojeiBEA A}
=gy

e

(1) Orringer, O. and Morris, J. M., 1984, "Applied
Research on Rail Fatigue and Fracture in the United
States,” Theoretical and
Mechanics, Vol. 1, pp. 23~49.

(2) Jablonski, D., Tang Y. H. and Pelloux, R. M.,
1987, "Simulation of Railroad Crack Growth Life
Using  Laboratory
Applied Fracture Mechanics, Vol. 7, pp. 19~22.

(3) Chau-Cho, Y., Keer L. M. and Stecle, R. K.,
1997, "Three-Dimensional Residual Stress Effects on
the Fatigue Crack Initiation in Rails," Trans. of
ASME Jour. of Tribology, Vol. 119, pp. 660~666.

(4) Rinsberg, J. W, B. L. 1999,
"Assessment of Conditions for Initiation of Cracks

Applied  Fracture

Specimen,”  Theoretical  and

Josefson,

in the Heads of Railway Rails Due to Rolling
Contact Fatigue," Fatigue 99', pp. 2597 ~2601.

(5) Sih, G. C. and Tzou D. Y., 1984, "Three
Dimensional Transverse Fatigue Crack Growth in
Rail Head,” Theoretical and Applied Fracture
Mechanics, Vol. 1, pp. 103~115.

(6) Journet, B. G. and Pelioux, R. M.,
Method for
Growth Testing," Theoretical and Applied Fracture
Mechanics, Vol. 7, pp. 19~22.

(7) Journet, B. G. and Pelloux, R. M, 1987, "A
Methodology for Studying Fatigue Crack Propagation

1987, "A

Direct Laboratory Spectrum Crack

under Spectrum Loading: Application to Rail Steel,”
Theoretical and Applied Fracture Mechanics, Vol. 8,
pp. 117~123,

(8) Tang, Y. H., Perlman, A. B., Orringer, O. and

Jablonski, D. A., 1991, "Comparison of two crack



94 L AERF

growth rate models with laboratory spectrum and
field tests on rail steel," Theoretical and Applied
Fracture Mechanics, Vol. 15, pp. 1~9.

©) #FAT, o1FH, AHF, 1999, "ed # EF
we sFaM Augel HHzd % 9 =
FAUNAAS, WA =RAQ), A3,
A6Z, pp. 1039~1047.

(10) 4715, 445, =94 544, 2000, "dx= 2
g 23 Ao HESA S B FF dA #
g A7), WA =ERA), Aledd, AlsE,
pp. 1238~1245.

(11) Lease, K. B. and Stephens, R. L, 1991,
"Verification of Variable Amplitude Fatigue Life
Methodologies for a Cast Aluminum Alloy," SAE
TECHNICAL PAPER SERIES, February-March 1,
NO. 910163.
(12) Takao N.

N

o

and Syoichi K., 1984, "Effect of
Small Defects on Fatigue Fracture of
Carbon Steel Rail Its Gas Pressure Weld,"
RTRI Report 669.14.018294.2:621.791.011:539.43 (in
Japanese), pp. 1~57.

(13) Dowling, N. E.,

Material

and

1993, Mechanical Behavior of

Materials, Prentice-Hall International Editions, pp.
422 ~426.

(14) Smith, R. A. and Miller, K. J., 1977, "Fatigue
Cracks at Notch," /nt. J Fatigue, Vol. 19, pp. 11~
22.

(15) Dowling, N. E., 1979, "Fatigue at Notch and
the Local Strain and  Fracture  Mechanics

3ol ddgey w2

4 661
Approaches," ASTM STP 677, pp. 247~273.

(16) Shang D. G., Yao, W. X and Wang. D. J,
1998,
Fatigue Crack Initiation Size," Int
20, No. 9, pp. 683~687.

(17) FFACATH, 1998, ALdEHR 540
g A, AEAFF, 79835

(18) Orringer, O., 1996,
Fracture in Contacting Bodies,"

Vol. 19, No.

"A New Approach to the Determination of
. J. Fatigue, Vol.

"Crack Propagation And

Fatigue Fract.

Engng. Mater. Struct., 11, pp. 1329~
1338.

(19) Amijima S., Tanimoto T. and Matsuoka T.,
1984, Life Estimation of FRP under
Random Loading," J Soc. of Mat Sci. (in
Japanese), Vol. 34, No. 378, pp. 293 ~299.

(20) Weibull, W., 1951, "A Statistical
Function of Wide Applicability," Journal of Applied
Mechanics, Vol. 18, pp. 293 ~297.

(21) Sadananda, K. and Vasudevant, A. K., 1997, "
Short Crack Growth and Internal Stresses," Int. J.
Fatigue, Vol. 19, No. 1, pp. $99~S108.

(22) Barsom, J., 1976, "Fatigue Crack Growth Under
Variable-Amplitude Loading in Various
Steel," ASTM STP 595, pp. 217~235.

(23) Hudson, C. M., 1981, "A Root-Mean-Square
Approach for Predicting Fatigue Crack Growth
under Random Loading," ASTM STP 748, pp. 41~
52.

"Fatigue

Distribution

Bridge



