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FRACTURE STUDIES AND A PROCEDURE FOR Ky
DETERMINATION TO CONTROL AND PREVENT FAILURE
OF ROTATING SHAFTS
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ADSTRACT

Whien the particudar comblontion of siress and crack Si2e 1 component reaches dhe cnical shess
wiensty Dretar {dractue onglmessy, fraciare will oceur Thus. the torsional inode fruchire loueliness
K . 15 mtaimporant fictor i the desten ud aoatysis of fractare of stnrcinee subjected to totsiona! mode
Toad g | Mixde-11D

s the speaific e of mivestigated [raciwe cowro!l plan 0 csiablish 1w possible muee of the
torstona mode  siress intensity Licinr denated b Ky, that nngit be present thronghow the e e of
the comiponent o ensure thar the eriical siress iensity fnetor dewoted by Ky, {Ichire tongiimessy lor
the.ngitenal used is sullicremby barpe so that the conponent will inve a xafe hife

Precedwe of clashc-plusie analvsis has been dey cloped tor the detcrunuauon of the fenciure tougluiess
in mode-111 Ky,- to contro! nud provent lorsionad mode fractare of rotasing shafis

The procedure nvestpiled concerns.  awdytiend and cxpernneatal stress anabvais of pie<nicked bars.
devetopmen of i coutrol plaw for evahanion of the criucal siress intensdy fctor and resisinee of
mitetials 1o crack growth and fraciure: The experuicntal investigabon has been carvied ow o venfy the
anabyicl results. thierenpon reasaiible agreemem 18 foand. resoiled woa beter waderstmvding of the
pussible Iraclure charactensies of the sinicture under consderadion

KEYWORDS

Fractire mechamies | sicess idensus fictor, rachnic oughness. fraclure contral plan, torsionnl moede.

INTRODUCTION

biihie case of britde fracuare. mam of the fracture control guidelines have beer folloved to nnwse the
passibility af brittke fracinre in structuees. These guedchines mclude the use of wember musterial with
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gaad fracture toughness. climuation or nunimization of stress rnsers. control ol crack growih. proper
wspection. o When these general guidelines are imegrated o specific requiremenls fox i particular
struciure of cotnponent they will be the basic paramelers for cstablishimeat of o fracture control plan,

A racture control plan 15 thercfore a specific sel of recommendalions developed for a paricular
componeni of siruclyre and should nat be indiscrinunincly applicd 10 olher stnuctures.

Thercupou. the mam obicctive for conducting this research work is (o establish a fraciure-coatro! plin 1o
prevent fativre of rowaling shalls, which may (s be used i wide secior of indusirial ficld, The
fracture mechanies  ponciples can be nsed v developing a new procedire for delernnnanen of the basic
efoment of i fracture-control plan The basic slements of the (racture cantral pli aee as lollows,

i-Establishung of a1 formula sintable for detenmntion of the stress intensm, fctor ansing
abiead of awrcnnlerentally eracked shal loaded s forsion mode .

2-Tdenbiication of the paraniciers st miay conlabuete 1o fraciure of the member or companct.

3-Determination of materiad itacture toughness to cusure the saien and reliabihity of the
cotnpanen! against faciure
These vhreee elomcmts can be olerrelated vssing Lhe concepts of fraclure wiechanes 1o prodicn e
suscepuhilis of o componcut fracwre. | 1-4] Funhenmore, unstable crack progagauon can be movernaed
by the maderial (onehness, the crack size and the stress level

From the homdamentnl consideration  the torsiowal mode [racture toophness. of wterc! wsed fur
uinlacturimyg the rotanne shafis s delined as the value of siress anensity Giztor avwinel the crack
extcasion stans 3],

[-ESTABLISHMENT OF THE MATHEMATICAL FORMULA

The siress field near an elastic crach vip can be characterrzed by (e stress inteasay oo Thus, the
stress  iensing factor for (orsiomd awode oading of aircumlerentinlly cracked round bars can be
represenicd by o new proposed cquantion as follows ;

. l6? [l 2a) { S0y (Y (2a) 1

Ky = e ———ill-i-_- -—}+_>I-—-J +L-——I ) {h
Jaimd s P JU TN TG a )]

where
T apphed wrque
d, cracked bur dimneier
il. solid bur diinneter
" tdd) v Y L i
i circmmlerentially crack depth l . lﬂ’ - _:! I
Ko {ors1ouai siress nifensity facior —:::_T__] - —._:,-T_.:l aatds

Fie. 1.Circumferenyally cracked round bar
Detasls of the actual steess pracedurc and the derivalion of cquation (1 are tndicated A ppendin-A

It is of practical infercst o compare the proposcd equation with Ihe availibie cquation i literinure.
nlucih was given by Harns [5]

i 12
CANT ’

Plotted curves arc shown in Fig, ! Companson belween (the two relationships for Ky wumchy.
couanons § N angd (23 is discussed 10 scctron of resulls and discussion
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I addihga, 0 s also opariing 1w dake e carelul consideranion (he dependence of the Loriguc-1wist
carrelation on wlie duinicter of cracked bar, Therclore.  the following fnmmila has been proposed:

. l— ( ‘/_’ - \‘ - Fl
(ﬁ] BRI PO { E] vol 201 va [3‘1\ {Eﬂ] (3)
) adt| wed i ] 7]

[

Detnls arc indicined in Appendix-P
where
", twrst aneie of the crac cxd bar

€ elstic modiles of the ity

Gy owsing the proposed cquauon (33, the ougue-twist selationship (or corenmferennally cracked round
tiars doadded o mode-HE is oblamed.  Thejompon, The dependenee of torgue-iwist correlation on the
Jizneter of cragked  biar plorted ng siown i Fuy, 2

as would he discussed sonrglve the mmplitnde of  stress dhistnbutisn designaled by the stress iniensity
fcm Ky s nsed w0 evaluanie siress o o pre-cracked bods {671 Therefore, like w the case of i
uncracked  bodv. oue can write 3 filwre entenion of & pre<cracked body  Failure occurs 1T the vahie
of stress mteusity Factor resched the valne of fraciire loghens of Lhe sae uederial as. (8- {0

Kur =Kow (4}
where A e 15 the enieal vaine of K which iilnge oconr

The amphinde of siress nlensuy Tactor, K depends only on loading, size and geometry ol 15
melependent of (he nunersl resistance 1o Gudre )3 On the ether hand f cquiion (4 15 1o clfecin el
predict fazlure, Kwree should be independent of size. geowelry and loading, It 15 then obvious that
K 15 sumidar to stress and Ko 15 sumidar 1o sirength. 11

iy snch cases, we need to nse the Tractre imcchinires concepts (o describe the mechamical coverntanend
the grack np (6-121 The stress tickd ueac the crack vp can also be charcenzed by the normatized siress
wensity factors. Thas. based on the praposed cquation (1) the siress inlensiy Ficior tor mode-H1
Iy of crremmitrentiiby cracked romrd bars can be preen mthe dismensionless form i foblows

Ko i 16 1(2(:1 (I+ ..(?.H] 3 (2:!1: +[3u\J‘\' ( 52)
| th == | — 3| — 3| — —_ 51
¥ Jiria) ‘,“ d L NN N o J

— |

F (T 2 2
B g 2@l (—‘i) o 2] (sb)
a 24 o, il

Thereupon. the ternms K/ TY and 1K) can be evaluated as given by cquations (3a3b)  Henee. the
flow curves ore ploned as shown me Figs. 4 and §.

Furthermore, the mtio berween the torsional wode stress inicnsity faclor Ky and Lhe vicld shear siress
Ty duduced from (e following caion, required (o be known for twst-torque relationshp.

. M [ 5
Y 1 2 2 2
(ﬁij 2/ ( [ ) 4("") +6(i) +4(l‘i] +(—EJ ] (6)
Lon I {;rfq}n’ QAN el o, el o l
Plon of this relaionship 1$ grven as shown in Fig. 6 Details ore given in Appendix-C

-IMMENTIFICATION OF THE RELATED PARAMETERS

ke sisess anensity facior s necessardy a lincar clashe parameter and therefore 1€ 15 supacus (& cusure
il e plasiic 2one al the crack tip 15 sinail ag comypired to other dimcnsions

In the cirowmferenuatly cracked  bar, the shear stress nun exeeed the vicid strengah of the maiered
distanee  very close 1o the crack up. thereby a plastic sone forms the crack g, However, the plastic zone
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1= sl as compared 1o 1he speennen sizc. il 1he shem stress near the ek g obeve i v'r Vo™ e

of snenlsney The stram distrilmtion s of 4f L/ 47 tvpe near the erack . bt away from the erack up

15 of limear wwvpe. The sicnn distnbnton i the liganen of o cncumierentindly pre crieked rownd bar
within the plastic zone 15 given by

yo=op i) n "
and the plashic zong stze f7: 15 et *er
pElrpiry e {3)

where r* 15 the distmee Trom 1he crack tip o Fign Steam disinbuuen clunge
the poust of chinnges (romn lincar to nondinear, from lincar 1o nenliuear,

I bas been shown by Me Climook s Trwme (3] alse given by Kt aad Sullsae [12] i 1he
tode-U plastic cone a the crack np of o crack s egual 10 an extension ol the crack by s ameoning
cqual 1o p:42,

i readity . swhen the structaee 1s toaded  the plastic sonc il the eock botl graw sinultiecnsiy Fhus,
the elfecttve crack depth a, s devined as . sum on itial ciack depih o, and fhe crack growth 3, duc
Lo growih of plasne soune,

JOETERMINATION OF FRACTURE TOUGHNESS

The comnbption  of the hinnted aman of erack growih 1o (he deviaton (rom lincir s 15 also evalised
fromi the unalysis of the R-curnve date R-cunve s delined a5 2 plol ol ceack growth resistanee ma
maseral as a limchon of acad or effective erack exiension {14! R-airves charactenizc the resistnes 10
fracwure of waicril duning meremeniil slovw-stable erick exicnsion,

Amenchn sociers for lesune of makenals ave proposcd o tentative recammcnded praciice for R-anve
deterimmmstion E361-76T |15 Ooly o bricl summary of 1has pracoce is wiven as the ollowing

1-The wicthiod 15 bascd on the assinphion thal. dunne siow stable tachimmg the devecloping
crack growih resisuniee 15 equal lo crack exiension force.

2-This recommended praciice covers the deterinuanen of eesistance to frachirme of uctillic
nenerifds by R-curve,

e omidine of vhe procedure for the deterimition of  Kyg 15 tlastecd in Fig 7 The sleps mvalved
ug the measnremems ol K- a5 per Hus approich. swould be the Gliowmg:

1o Prepare crrcamloremaally nolched  ronmd bar specunens from the matenal e (ested. eich
speenens s i different disuneter sind dilferent valite af (24d ).

2- Fatigue pr-crack and foad he specimen o forsion amcd obtai Gvist-laraque iest record whercin the
twist aunele s mgusured jeross ulermedinte pomis on the ganpe length of the specimen.

- Poternnine the T ovidue based ou the measnred valne o D,

4- Using the calibration fuaction for mode-N1. calenlnle Ky corresponding (o the T value obivned
sep Y

5- Locite tus pownt ma plol of (R f1) versus crack growlh rale of 20, 7 twhere Xa, 15 1hie cifective
crach lengihy | therenpon conngci the tocated ponis 1o draw dashied s,

0= The dashed line represcms the imcreuse in Ky wath iereasing orqoe and increasug crck leauth for
three differeni amual crack lengths

7= Draw salid lines theoageh the ongin as shawn m Fig, 7 The solitl lines represent (he vimanon i Ke
with erach fenwils, 2a. for constam lorque. Thatis. for a given tarque tevel  and tncreasimp ok
lenwth £2a% K will increase a5 given i The proposed cipmunn (1)



Mimsoura Engineering Jounwd (rTEN Vol 22 No | Mach 1997 A

8- The theee pomt of aecney where Ky = Ko reptesen ponns of tistabeiy, or criiead stiess
migsny facter Howeser, the pouats of dangency give the enfical vadne of stress intensny faciar K.
which ¢an be consadered s the Trcaire tocehness salue for the matenal under iz,

EXPERIMENT

Expermmental mvesnzaon 1o sinds (he e behawvor of the arenmiferentiatiy eracked bars. loaded
e lorson mode hive cosdicied foltow g (he recommended pracitee for Reurve detcinnnanon
prapased by the Aamenican soctery (o sestine T nalerials) 5]

On ol speciivens, (e circumtereniul noleh » s Ve haped swaith 607 angle. Afler nechog the speciien
with ke ool the aocl rood girdins abta ced inahe speeimen wis further redueed wul the help o' a
rizor blade wineh were mounted ou e 1ol past of the tathe throngh o special fixtne,

The  pre-coacked specumnens vere Joided i iorsion mode up to diffescin torgue tevels mnged Trom S4 1o
2267 kg v o obimn the Torquee-nast recards. The twist augles measured inthese expernnents are
auther srdl The twast anche was measured by nsimg. msirumentation specrily developed for this work,
which cousist ol o chp cunge fogciher with a special fixture 25 shown e Fig, 3. This wstrumientiion
parais aneasiecent of  che tst anele deross tyo imenmedizie poinis on the pauee length, Where the
mirekir 1est speciucn dinmeter uovaned oy A0 1 iwad 20 mn,

The angnlar dispizcement 11 the emick up on the crack plane. con be evaliated from mensircieni of die
linear dhsplacoimen belween two pornts locajed across the erack plane smd i the sime radial distance
from longitvdinal axas of the cirenmicrentially  cracked specunen The developed instrumentauion for
s purpose cousists of a chip pauge and a sleeve nsseinbly

RESGLTS AND DISCUSSION

“he suress antensity Tacior o iorsion mode Ky were calonliled i secardaneg wtds different speciinen
dreters using e cahibradion funcuons as given by the proposed coquation § 1} and cquation (2) reporied
v Marrs (3] Resulted curves ave plotied in the space of  (Ka /1) versns (2a/d.} vidues tor difTecent
sricked 1onnd bir dstneters as showo o Fig |

As o be see front tins plot. e K. calibron Gictors as given by proposcd equation (1) and by Harrris
cepuion {23 arein aceeptable agrecment for (Zo/d.) vidues less dian 01 On other bl the cabibration
Munciion giwven by Harns os 202730 lower than the exact vitlues beyond U 1 (unthe range of (2add.y
lawged frow €2 1 to 149y This observidion s shown clcirly o Fig, |

T addiion . of aue were 1o congider e plastic Tow curves of the specimens with differcar didweters ind
pren (2avde) ratio all plasue Mo curves shown i Figs. £4-0) wonld lic within i xmuaw band of
246, The wnalvncal results e tocated it the nuddle of the seniter band representing eaperimermal
ity

The companson of the experimental and anaivireal results shows a e devunon. The possible reason
(ar {tus deviation conld be the differences between tic configuzation of civeummicrennal noich considered
e the theorcnical amalvsis and the one actually produced on the specimens for the experimenial
IvesU LN

Anather sonrce of deviation could be the now-mmfonin, ceeentrie erack developed darnng the pre criuckng
sase On thie other lemd, the shear madules viidnes sbhinined expernmentally ire 28% lower than the
sheas  wndnles vaties reporied m (he handbooks  (Hundbook value 15 % 107 kgimn® winle 1he
espenmiental vidue nsing machiie mstrumentaton is 3 Tle(I‘kgnnnﬁ Morcover, the mechanrel
propenres of steel nsed  for expernnenial investrgaton are given as Tensile veeld streneth is 42 ki_‘_imm:.
Ntniaie reastle steengrh (s 68 kg and Shear vicld strengi 15 19 keg/mw')

One should also uole thar. the devetion w the resnbis could be anginared from i mhereat vaceiian in
the propenies of the maienal from one specnuen w another  This will prodiece an erroncony resulis. Adl
vhese factor added topether i produce \he deviation between (e experimentad and anatvhical resnils

Therenfler. the procedwe for Ky defermimanon as desenbed  above. has been followetd nsup the
proposed equavien {1 and also Harns comabion 123, Thus, usimg cqmation (1Y the K- vidue s wndhoed
as the value assoctted with pomt of Gagency between ihie solid Tine represening Ky curve and the
dashed T of Ky represcutive. R-cieve uself as shown m Fig. 7 The sohid hines represont the vanaton
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e Ky with erack leagth, 2n, Tor constant orgue. The dushed luies represent the inerease in Ky with
mcreasing tarque and ingreasing crich leagth for dilforcm mtial crick leagths

The three part of tngency shown i Fig. 7. where Kg = K- represent pomnts of jstabibite, or criheal
stress unensny fcior Howeve, the pounis of (isgency mive e crmeal vilue of stress imcnsus Lietor
Ko =152 MNm Y which can be cousidered as the fracinre 1oughness viltie for the nerertil smder 1est,
(where the ructure touglmess values Jor sieels ranged from 8 o 260 MN ™ as reported i literanire?

Fuphermore, the ploned enrves  shown m Fig, %, indicaic that the application of 1Eims eqialion
pives  Kg ovalies 170 (o 3000% higher than e amalyucn valies of Ky, Therefore. no inierseeiion
occtrs between the sohd and dashed lines. However, fTarns s cqaitron wonld then be niconsistent with
the basic reqieement of deternunanon of Ky by R-ctine procedure

Accordingly. i ane were o 1ake rato aceount 1he above. the resulis wdicaied lrom the plastie Row curves
shown in Figs. 4-6 and the nieriii faciure (oughness resulted frons Fig. 7 can mdeed be covsidered
good  Tlus results confivm the valdity of the propased cqnatons.

CONCLUSION

I-A Trnemre-contral pian {or romuing shafs lias been proposed i s investigabion, 1o
constbwe the basis ol o procedure lor detcrouuing the lorsion wode fraghure toughiess, K.

I-Conswdcrmg he fractoie mechinnes principais.  new calibraton formda Tas been doseloped
for deterunnation of the baswe elentears of i frachire-contral plan

i-A proccdure of clastic-plashie analy <is nsing. R-curve approach has been doycloped tor
detenminauen of ihe irachure oughiess m mnde-i 4o comwa! ind provent orsional
mode fracorre of rauting shalts

4-The resuhs imdicme that. the iraciure foughness defermmed by tsing the proposed procedure
15 independent of size and geometry of the specimens,

3-The developed fractnre comtypl plan for the rotating shafls resulis o better anderstancig of
the possible fracuire charclenstics.of the given applisataa nnder constderation Tlus resulls
confirin the vilidity of the proposed comrol plan

A-The aualvsis presented in s mveshigauon presesis an elficient methad of fricture
characteriziuan of ftaciure beliavior lor rotating shails sulyecicd 10 1orsional mode
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APPENDIN-A
FORMATION OF THE PROPOSED EQUATION (1)
FOR DETERMINATION OF TORSION MODE STRESS INTENSITY FACTOR

W oomch once formed. e move lorwited in g controtled manier. and ihe raie of crack growih depends
npan G comemed crack (p desenibg parmincier, mpnely e siress wiensity fucior denoted by K
1817y The siress mtensuy (rctar can be delermmed by tie i fonin of

.- [

AT G rh n
where o8 s the applicd stress.and b s the crack leagih

The basic siress considered here 5 doe lo alarque an e rownd bitr. vms.the value of 1orsion shieir steess
lor sofid and cracked bars of cureular crass-scetion aren arg reproseoted  respectivels by,

167
] n iy
Teke
16 f ,
== 113
Tib.

where d, s the snlid bar diqmeier. T is the exicrnal mamenl. 5w s the applicd sheas stress {or the solid
bar. deasthe crached bar dinmeier and - L 15 the torsion stress o ermcked ciroidar bar,

Thus. or o corcwmicromen crack loaded ut the sheanmg wiode. ihe sliess nncnsiy facior e the
neighborhood of the crack tip is goew s Jinwin] as

K= ool e

whiere KN is the mode-Tt stress anteusiy Gaclor. 2418 the wrack length and T s ihe applicd shear
aress for the eracked bar loaded w aode-11

In ortder 10 comupare couaton (154 wiilk equation 1o 1S neeessany o wnde botly emmions in the saime
form. henee. cquation £33 can be given as the feflowiug

bt T —y
R
6 . o/ ,T_r_; i -

L = . ) 3 %] '

;r(r..{ +2“]3 ek [l+(:’_u."u'L }] !_. L l‘

oo

Where the effective cracked bur diameier de 15 goen as i L_ 1 i L
i=d,- I Fig.sa the 'clm_r.e«sccuon area of the

s, d=d +2a circwnferennath ceacked roound bae
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Consequemly one obiains afier performing the neeessary alecbr

16/
N [Zn] (2:!}: [ELI]1I
a1+ +3 -+
' o of d

Thns.

jal
+
L
=
)

r/_’ 2 \:' e
_t_l'] +~ :\, .‘ﬂ) L(‘}:‘iJ = 16 ! =7 (A%}
PRV RELYEIT)

Alier the use of cquation {1ii}. one can abinn:

N 2 - )
L2 L 2 )l ,
fo =T l+,1L-—j+_1 S Y el (e
o {l_ \({l

s

Substitunng casdion (i Lo cauabian (v vields

_ 2y U a2
K =0 ¥ la l+3{—-—? ' _s'] — == tv
e il J :f’)

together witli cquanon (i, KT can be given as the Tollowing:

. . M Wy
¥ 2 2
Kw = 6 !__ Jira 1+3(—;—") +3 f_?._cq +(—{1J l, [ix)
{

T [ \Jn(‘ 2 (f‘ J

Thus. the stress nucusits fictor for mode-lH loading ol circomicrentially cricked round bar cain be
represenied by o new  proposcd formuta as (oflows

P YA, N
A '[Lﬂj '+"'(E]+3‘2ﬁj JEJ | (n

-Vr(;rfa) dh v o e, o i, J

whete = id fdl )
.'r' !

i 2a
From ihie above cquation the ernch shape and size pacimeter _f[ a—-} cun be csiablished as e follows:

(2a\* .| 2a 1f2a: %)
J’rLIJ ~!+‘a(d—.-] +)!‘\——\—} +[d——]

APPENDIX-T
TORQUE-TWIST CORRELATION, EQUATION (3},

oy siofar manner followed i appendia-A. (he torgue-twist cotrelsiion, (herciore. required to consuler
the setation berseen the angular dellecnon in eadivs and forsional mement T for a round bar. Thus. the
reqrirred cauutions for o salid bar i Jor 3 cracked round bar are given as -

/1. 3217
G=— wnl HA=——
. (ord?
P {1}
a3 327 f 3z
——) =" |‘.I'H|‘J 1= -
f 0y ! i & e
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Moreover, e fsast-lowgyie 1no for 5 rouid arcirentciznteily cracked bae londed inorsien mede e be
zrven as the fllowing
{ 23 20 it
Vi i zTrLI‘I I{ n((} - 1l
where ) ={if - 2.0
r : NE
{2 f 24" ]
{ef +2) :<f4%l+4l:-——% — L4L:fi (-u |
[ o \u’ of vl |
L
f8Y  32L !
“\.";—.!:(' FARE PR A R 4 i
X PR -1|F4{2(;t_h]'3¢f\!+4 2(;\)42&]"
\ Ll T o/ N (
| : o
Comparison between cquations (1) and (i) lead to.
. ) A :',- 2 \ [
—ep=] =1 g
S AR A n TN AN
!|+4t"q+ﬁ‘ “{W_, +4l'-‘-’) '»(2‘)
| o) W) o) Nded |
fhes
- 2 1 4
4 325 { 20 2a} {24 (2a) -i 3
;—-\. Iil+4(——-j+b{—‘-\ L”——E— +’ | 3)
’ ¢ [ Y ! ot 'a(l"‘,-" \cf,' \tf / J
J22)
From ihe above couauen tie crack and shape and size parmneier f r—) can be established as the
|4
[ollewiug, .
) {a {0 2] N
1 2a et 2w 2¢r lu
/ .‘----J:n 4-4}—‘—)-!6‘—-— +4f——1 iy 20)
L o L wved ) J

APPENDIX-C
THE RELATION UETWEEN PHE TORSIHIN AL MOBE STRESS INTENSITY FACTON Ky ANT THE SISO ELD
STRESS 1, EQUATION (6))

The equanga (3% i appendix-B man be cxpressed also us a function of torsional shear siress by
subsutnnug equanion (33 i appendix-B amo  cquatgn (ivy- appendix-A. goe con obtien the following
Laquinhion

Kn(A&)_ poef 321 MH(H‘;H (2«]1

t NI \(urd [ d o, o) Nd j

Thereat the required stress equation is given as® :

CANE VY LN EaN (2u]‘ (_:*L_:J :
[r‘Jbﬁ,/{xm)cL"i\ﬂ)J[c L l\-"j‘ tt} i RO +'\d_ } “
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on the diameter of Lhe cracked bay.
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