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Abstract

To ensure the strength and safety of shafts, which are basic components of machines, it is important to accurately evaluate the
stress concentration factor (SCF) of stepped round bar fillets. Noda et al. analyzed the SCF of stepped round bar with fillet
under tension and bending by using the body force method and proposed SCF formulas valid for all dimensional ranges. These
formulas are very useful in design practice. Since shafts generally transmit power, the SCF of torsion is also important, but
there is no solution for the torsional SCF that is valid for all dimensional ranges. In this study, therefore, the stepped round bar
subjected to torsion is investigated for all dimensional ranges. The finite element method for an axisymmetric body subjected
to a non-axisymmetric load is applied to torsional problems by confirming the coincidence with the SCF solution by the body
force method for a round bar with a semicircular notch under torsion. The SCF formula proposed for all dimensional range
under torsion shows that SCF charts in literature commonly used in design practice have large errors about 10% because they
are based on old research results. Peterson's SCF equation is simple and useful, but the application range of the equation fo
torsion is extremely narrow and inconvenient to be used in machine design.
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LEMHEROBURN OO THETH L. BHOEFM, =i, 1996 ¥FHfl, 2001)%, 7« L v MFZAT 5B
FHEAEDFIEY , SUTihT 2% 256 OISR s E ORI HEC LV IRIT L, § T~k
(i LARZE T E R ORI RE L TR Y, REHEBICBNTRO TAMTH 5. wid—ficEiniE
DHREZ AT DT, ALY DISHEPHRERICEZETH L25, §XTOHEHRII S LADRIE PR D
fRIE R T 70,

i

No.25-00110 [DOI:10.1299/transjsme.25-00110], J-STAGE Advance Publication date : 27 July, 2025

AL,  AAR A TN SRS 78 Wife s - SRS SUE, No.258-1 (2025), 112.DHHAFRIZIESWGRIT TH 5.
TIER, Yrv—RU—=T7 /nY— B (T530-8311 KREXAALKAEN 1-32)

2OER, KoKRF ELEH HTEA M IE T 077 A (T870-1192 KAy HEF 700 Fih)

B Y= AT 47 A (KR (T530-8311 KRERiTHLRARERT 1-32)

“ER, JUNTERY: (T804-8550 &R AT TR MALKET 1-1), FERAMAY: (L)

E-mail of corresponding author: yasuyuki_takahata@yanmar.com

[DOI: 10.1299/transjsme.25-00110] © 2025 The Japan Society of Mechanical Engineers

@@@@ COREBRFIIIATA4T - ELX [ RR - FEF] - WEERILE 4.0 B ] S/ RO TFITREEATOET,
rarmrm  (https://creativecommons.org/licenses/by-nc-nd/4.0/deed.ja)



Takahata, Oda, Sakamoto and Noda, Transactions of the JSME (in Japanese), Vol.91, N0.948 (2025)

AR TIE, RUVEZITDHT7 4 Ly NERT 2B OIS ERREE, X To~HEHMH TRl
LR A G, BUEMHTFE L LT, FElis P 25207 2 il MR 9 2 ABRERIEZE H Uy, IRFEEIC
EVEPFELN TN HEMEIREZHT HAMMEONR TV E (a1, BrH, 1984) FITEHT 22 & T, #HES
FIHEE THIUL, AT FIEIC LV 070k TS TEPREN G O D o L.

RETFFIZBNTUE, 71 by MBEAT 5B & WEOISIEPREE, BEEOKED LRt - TG
FUCHWD OBl T 5 (Neuber, 1957, Htkf, 1965, Peterson, 1974, P, 1978, H¥hiakiHEERELE
2, 1992). LA L, ZHBIZEDR D HOBERRICESS b ORH 0 LT L b BAFRREERIIFFCE 0. £
7=, Peterson (1974) (2L WV SHEFREOE G AN E- 2 5TV DD, 72U VIO Tl H aTeEifH 23 0372 v
e FEHCOEHOHIK) & 72> TuvD. Peterson D (Peterson 1974, Pilkey etal, 2020), K OWEH (1978) 12X %
ISR A, AT TG DAVIIS TR E & B L 2 S OfEOREEE 2B H M L7z,

2. i
KL DN R CTH D7 4 Ly M AT AT EIEZX 1 IR, BET 5552 L IR,
p: 74 Ly FOIFHA, t: 74y FOERORES
a: 74 Ly MEOKNTHOFES, D: [EfE, d: =2a
€:=m, n:=,p/t, A:=2t/D
x: =a/p (a/p=S10DLX), =2—-p/a(p/a=10D LX)
X' =EES100LX), =2 — 1/ (LO<ED L X)
Ky : ISP (0max/Onom) Ker  ROWEREAHE BIR & OISR

Kis: BROEID/NENWT 4 by N T 5 ERIR OIS )5 PR
Kig + BEO@ESNERIZKEWNGEDT 1 Ly OIS PHRE
Omaxt 7 A Ly BRI, Opom ¢ OFRLSI(16T/d?), T: HRLY Ao

f pe = (16T /1D3)2r/D
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Fig.1 Stepped round bar with fillet Fig.2 Cylindrical coordinate system Fig.3 Consistent nodal forces for pure torsion.
under torsion. and axisymmetric ring elements.

3. FREHFMTE % 321 HEFRMAD FEM 24T

R BT B A 52V B il A DS AT (Zienkiewicz, 1975) TlX, fafH 4 &7 1AIC Fourier #REUREH L, £k
BRCRESS. M2 1R THEEERICBT S 0=0 O rifickt UdFRRemER &2 E 25 L, fHiSlc/ERT
HIIE,, E,, FeBXOEHRENEND 3 lour, vk, wkix, kzkEs LTX1), QDRRIZESND (BT
FIZxF LTl sin & cos & AFVRZAUTEY) . B 2 132 Swlidh F 25210 2354, i i EORT k=1 OXIF
FIEERY, RUYOBEAIE Fo DR T k=0 DFCHFMEL 25,
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£z, BHEFYS 720 O 04 pi(j = 1,2, OIWZEST HEIRMN) FI(X 3 : 2L OEE)NE, ZArAifEk
NiZFAWTK@NZ LV RD B D (FRAT 11EK 3 0l ) BHENEHAERS 1~4 2:59). X(2), BB\ T, M
1% 2 IRTEDOFEFENEN ONFFRIETH Y, {uhe FITERZMERT DR kKRB R7 MV ThD (EIRZ
Tl THEEMRE OB ML THDHZ L ERT).

E. = YFE¥coskf, F, = YFfcoskf, F, = Y FXsink6 D
uk = [Ny, N, N3, N, J{u¥}¢coskd, v* =[Ny, N,, N3, N, J{v*}¢cosk8, w* = [N, N,, N3, N,]{w*}®sinkd 2
Bi== [ N@nopda i=12 j=rz0 ®

RN EAERIC T DB E BN OBRRE WD &, BEROFRENRT bV EERT VA BRI
[B]~ bV v 7 23K (4), B)YDiEY ROHND. [B]~ hU v 7 23X (6) & FKid T, HHEMAWE~ R v 7 Z[K]
L, [BIT[D][B1DEFENFES TRO LD ([DNIIESTRT "MV EERT M ZBIRT 25~ N » 7 X).
ZoEE, QBT AMEMTESE Y, KL R@)DEHIckRSND.

[B]=[B1, B2, B3, B4] (4)
ONi/or-coskd 0 0
0 ONi/0z-coslo 0
1 _ | Nir-coské 0 kNi/r-coské _ L.
[B] = | oNyozcosko  aNor-coste 0 (k=012 --) ®)
-KNi/r-sinkg 0 (ONi/or-Nifr) -sinkd
0 -kNi/r-sinké ONi/oz sinkd
[B]=[B¥] sin k9 + [BK] cos k8 (k=012 - ) (6)
K] =7 f f [BXI"[D1[B¥] rdrdz + n f f [BKIT[D][BE]rdrdz (k=0,12+ + -) (7

fph T OSE, iiElZidp, « reosd (p, = pg = 0)MEHT 20T, HimS L EDOHOXFME Tk = 107
L7220, [Biix, T &5,

oNfor 00 0o 0 0
[ 0 oNoz o] [ 0o 0 0 ]
_ Ni/I’ 0 Ni/I’ 0 0 0 .
[Bil = |onvez onvor 0 [€%9F 0 o o |[sinf ®)
0 0 0 Nff 0 ONJOr-Nir
L o o ol 0 -Nir  oNiloz

s A EH T 2T — A bY M OGSl OS EROMHET AUCEH S8 2 XEESH AT B) %
BT L2k, TFToOXO#EY L7es, dll EOfiAIcizofiSzsahEHR TR b S h 2Bk
BRI EENESED 2 &Ik 5.

E'= (16M/D*/3)(ry — 12 )31 + 137 + 21i13) )
E? = (16M/D*/3)(ry — 12 )(rf + 313 + 2113)

LY OEE, iEilpe < (b, = p, = OPMERT 20T, HimININE FeOHORKIFMGE Tk = 0D & 7

D, [Bix, UUT&7e5.

0 O 0

0 0 0
lo o 0

0 O 8Ni/6r—Ni/r

l0 0 ONi/oz J

HEIZEA T 5000 MLy 23 TOWE, O B3R O Wi U/ ER S8 2 XS AN Q) &
THZEICEY, UTORDEY L7025,
Fgt = (16T/D*/3) (1, — 1, )(31E + 12 + 21m1y)

F# = (16T/D*/3) (1, — 1, )(r + 31 + 21m1y) b
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4. ¥AYIREEFRT HAEORLY

3 TR LIAT FHAIC L 2SI PRI DR 2 M8 32 212, (RBUDIEBFM)IC X D3R 5T
(T, 2FH, 198 LY 232 2 MUK E 24T 2 RIS SRR Z Kbz, FEM fEHT CIEUATE 1k
FSE AT, iR 2400~3900 B L LTRY, ZOFAOHAKTIE, A vy 2o it S s
TOZACHIRLTE L. YIRS EDF/NESRY A XN, GRS p O V2 REE LT, X, FEROHIITH
F DI % 1 IREFRONIFBIETRD, BRIGINT LV IETEP R ERE LT,

4 ER1IS, O XD 7 FEM iR CRO 7GR PHREK, D, 2(12)D Neuber D =N L DKy IS5
WK, /Ky %759 BFM DK /Koy td, D TREDSWETSH Y, BER7RREEME L e 2 LTS (4,
BFH, 1984). 2p/D D44 T FEM Ofif & BFM Offidfiasd TL < —EH L TEY, TOEL02% KM THDH. 20O
TEND, 3EOMMFHEOZ LD MR- E TR 5.

Ky = (Kes = D) (Kea = D/{Kes = D2 + (Keg — D2 + 1, (12)

K =3+ 1+a/p)?/{4(1+2J1+a/p)}, Ks=1+/t/p

Table 1 K,/K.y for a round bar with a semicircular

1.04 DR notch under torsion. FEM results and BFM
¢/ Kun based on results are in good agreement.
1.02 | o FEM
/\M 2/D | BEM FEM | Difference
100 & 002 | 09982 0.9980 -0.012%
50.98 L K, - Stress Concentration Factor by BFM or FEM 0.03 1.0005 1.0011 0.064%
E — 3 > K SCF by Neuber formula 0.05 1.0065 1.0073 0.077%
096 |1/ 0.1 1.0197 1.0177 -0.196%
3 K= o] Oooms » Onon=16 T/ 7 , dyyiy=D — 2p S
0.94 T G Kam (K D (K= DK D (Ko 1)+ 02 | 10259 | 10252 | -0.062%
D Kia=3(1+y1+a/p)* /{41 + 21+ a/p)} 0.3 1.0195 1.0192 -0.029%
0.92 b Ke=1Hyt/p=2 (@=Dj2=pt=p) 04 | o121 | 10118 | -0.023%
0.90 A . . . . . . . 0.5 1.0068 1.0065 | -0.022%
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.6 1.0035 1.0032 -0.022%
2p/D
0.7 1.0016 1.0012 -0.043%
Fig4 K,/K;y foraround bar with a semicircular notch under 0.8 1.0006 1.0001 -0.046%
torsion. FEM results and BFM results are in good agreement 0.9 1.0002 0.9999 -0.033%

(see Table 1).

5. 60°VUIRZEEZETHHEDRLY
P &1, UIRE AT 5 EOISHEARE DTS O~HERIRIT S LA 2RI A VER T A 1B L, MR

1.025
a/p =3
- 1.0211
1.020 | - T ]
g <>
9> i
1.015 2
3
B
E1 010 M £
\r‘_ L K, * Stress Concentration Factor by FEM I3 d=‘2(.,
HT 77 1005+ g2 SCF of hyperboloidal notch i ~—P
i K= /0 s 010 =16 T/ —
FEM mesh details Loy LFe= 3041t alp ) /1401 +2JT+a/p)}
G| 1 . 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1
near the notch root 5D
Fig.5 FEM mesh near the notch root and additional Fig.6 K./K.y = K;q/Ky as 2t/D - 1. K, isthe SCF of a
meshes due to diameter D enlargement. 60° V-shaped deep notch under torsion. When 2t/D >0.7,

K,./K=1.0211.
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[ZRONEIR X OIS TEPRE A R A L 0 RO TS (B, 2004 . Z OFFAT CIIBAEAET A EHE L g
IR&EBRR LR D DT, IWEDMYTIEZEH LE OO ZIREE LT,

6 TUR IR DOUIR E 448 p, YIREERd(= 20) % —EL L, R D 28NS & CIURE: LTH
DAV TR, 2 IR TR OB R & Ofif & UTe. BIR EEITFOERSEZEE L, 8 D OBty
BRI BN L7228, BN 2 ERHENIX 512837 & 9 ITHETIR & L7z (2 B0 ZRGELREIN T D 23
10651272 %) . ZOHFETH 6 1R T K D ICLE LIZNCRIENF AL, 2t/ D 7Y 0.6~0.7 F2EE TK, 28— E IR
LTCWDHENRDND.

7, 3 2 \TIIRIZHR 60°V UK & 243 2 AEDR T Y OIGHEFREE OISR %27~ K ox=2 1%
OIREFEErZERL, x5 21TE5< S BHEMITAH#E L < 72578, £ 21TRT18Y, FEM Off L KR 11ED
FRDZET 0.8% AN TH Y, ZORETY 3 EOMTFIEDO LN HER R L2 5.

Table 2 Stress concentration factors for a round bar with an
infinitely deep 60° V-notch under torsion. FEM results

1.08 and BFM results are in good agreement.
106 |+ K4 * SCF of infinitely deep V-grooved shaft
by BFM or FEM X ap K KoK Diference
1.04 | K : SCF of hyperboloidal notch [ BFM FEM
-0 0 1 —1.0004 — —

102 0.1 0.1 1.0163 1.0001 1.0004  0.0683%
X 00 0.25 0.25 1.0397 1.0005 1.000§  0.0291%
o ’ — Kyq/Ky based on BEM 0.3 0.3 1.0472 1.0008 1.0017  0.0349%

098 ) O FEM 05 0.5 1.0761 1.0021 1.0033  0.1219%
096 | 0.75 0.75 1.1100 1.0038|  1.004§  0.0743%
1 1 1.1418 1.0054 1.0064]  0.0959%
094 | 12 1.25 1.1719 1.0074 1.0086  0.1220%
x=a/p a/p <1 15 2 1.2540 1.0142 10129 -0.1362%
092 r ! x=2-pja a/p >1 1.667 3 1.3500 10220 1.021]  -0.08660%
0.90 : ) . 1.75 4 1.4353 1.0274 1.0263  -0.1147%
0 05 | 15 2 18 5 1.5128 1.0313 1.0309)  -0.0469%
x 1.833 6 1.5845 1.0342 1.0348  0.0570%
Fig.7 Stress concentration factors for a round bar with an | __1.875 8 17143 10382 10408  0.2525%%
infinitely deep 60° V-notch under torsion. FEM resultg—12 10 1.8308 1.0407] 10462  0.5273%
d BFM results are in good agreement (see Table 2j- 1929 1 2.0363 1.0439 10479 033266
an 1.95 20 2.2994 1.0463 1.0479  0.1477%
1.975 40 2.9773 1.0494 10411  -0.7862%

—2 0 © —1.0525 — —

6. BROESHERICKELMEEDSHEPRE

BHOIZED 7 1 by MBERAT 2B & OISR O (B H, @i, 1996 2FHfh, 200D Tl
T ARTOFER 2 %5 & 925 BTG TTEPREEK L, B D@ S PIERICK & WIGA OIS EPREK, L O, B,
D& E D NS UVIERAR OIS IR X T D TR ST A.

AL T, Kg% 3 EOARERIEIZL VRO, K LITTRIMITHRO 7 4 Ly MR p, /MR (=2a) %
—EE L, R D ZBINSE CTPURIE S L CELNTISTERREE, BOf S PERICKE WA OEK,, &
Liz. X8 DY, il DHANCEE S BRAEIOBMISELFE UEEE Lz, FEMIZX DKy/Ky &, 20
LN lE(13), (14)DMEE XK 9 IR T . TPEGRE OB M LV, FEM O3 53R (13), (14)
DRI 20.4% 0.2%KNTHD. 708, Kpyl, EOWEEDNHEYIR X OISTEIMRE TH 5.

Kya/Key = —0.0293x* + 0.077x% — 0.0523x% — 0.0285x + 1.0 (x < 1.89) (13)
K.q/Ky = —489259.30264x° + 5619653.8852x° — 26893010.75173x* + 68633835.40351x3

—98521168.34192x2 + 75420456.1903x — 24055078.48503 (1.89 < x) (14)
x=a/p (a/p < 1.0 DL X)

x=2—-p/a (p/a<10DLX)

Ky =3+ J1+a/p)? /{41 +2/1+a/p)} (15)
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|
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LT
|

T

. \ l/u \—/
FEM mesh details ~ Similarities
near the notch root

Fig.8 FEM meshes around the fillet and additional
meshes due to diameter D enlargement.

1.05
1.00 ==
0.95 e i e -
0.90
b T = <
e ‘ x=a/p a/p=1
< QQ)/—\ sl sl
080 | !
e l2a [P o FEM |
075 —Eq.(13) (x<1.89)
; dEq.(14) (1.89<x)
0.65 - —
0 02 04 06 08 1 12 14 16 18 2

Fig.9 K,;/K,y obtained by Egs.(13) and (14). The results of FEM

X

coincide with the values of Eqgs.(13) and (14). K,; is the SCF of a

deep filet when t — oo, and K,y is the SCF of a deep

hyperboloidal notch.

1. BOBIHANES VFEBROS NED R

BEDOESH/INENT 4 Ly b EATHRENERICRKE WIEDI L Y OIS HETREK, X, T AW 2321
% tf p BE—DOPIEROICTTEFIRE L 70D, 74 Ly MR p, BEOEBS tZ#—EL L, Wi d & D&
ST E LTELNTISTTETREZK, L L=, X 10 O v filf D OBIINCEE 5 EHESEIOBNT 5 3
ERCEEREE L2, FEM I X DK, /Ko & ITRIE(16), (I X DEZ 11 1T, TR =R o 72 Hrkic
L0, FEM OffZxt4 5 R(16), (17)DREZEITFE%02%, 04%A00M CThD. 728, KpldZMiLaA9 2% ERRO
FRIZIAS D, ILTRETHHZ L E2EBE L)AL,

il 1% Similarities

FEM mesh details
near the notch root

Fig.10 FEM mesh around the fillet and additional
meshes due to diameters d, D enlargement.

0.6

O
® ® ® o FEM
7 —Eq.(16) (x'<1.75)
and Eq.(17) (1.75<x")
i p
x=¢& &1
A x=2-1/8 1<& (&=tip)
K=1+¢/2
0o 0 (0]
0 0.5 1 1.5 2

Fig.11 K.;/K.z obtained by Egs.(16) and (17). The results of FEM

coincide with the values of Egs.(16) and (17). K, is the SCF of a
filet in a semi-infinite plate, and K,z = 1+ (1/2)/t/p.

K.s/Kez = —0.163x'® + 0.7631x'5 — 1.3172x"* + 1.0487x'% — 0.3938x"2

+0.1197x" + 1.0

(x' < 1.75)

K.s/K.p = 22.79536x"* — 210.18890x'% + 690.59636x'2 — 975.12157x'

+ 505.31282
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x'=8 <100EX), x'=2-1/8 (10<EDLX)
Ke=1+&/2, §=Jt/p (18)

8. K,/KB&UK,/Kl<&kdbT 4Ly MEROEEEIZKT 505 HEDHRE

7 4 Ly MEIROSFHIKRT 28 EFRE A x5 & 97X, A(=2t/D)T12 7 —A, xT 14 r—ADEE
168 Ze4:C 3 T FEM FEHTIC L 0 7a U Y OIS SIEEHREIK, 2 K 6d7-. FEM T Cid 4 B LR U< UM 1 k2
Fa MW, H#RENL 2100~4000 HiSFRE & Uiz, FEBNOHIRISINT 200 71% 1 IRESEOWRBIE TR, &
RIGTNZ XK 0 ISTEAREERDT=. A v > oA RTHI IS BRSO BLN R TE D8RI, 74 L
v N/ IMEEROBEHRY A ZEYIRE Y p D 1/STRREL L-., £ 312x A0 ETFIRICE T 2K, OMIRIE % 7~ .
ZDOEHTRD SNTZK, ZKg THRUTZFER A 12 12, K THLZAERZK 13177, X 14 12x —2(p »0)D
BEDK, /K wsd. X 14 13 5p -0 TOK, /K BIMRIZ L VRO HILD.

7 4 Ly MEROSFEPICKR LIS DEFREOFEXEZE D512, 7 4 Uy MEROSFHHZX 15 12738
DOFEITAT, FE 1 235 512OWTIE, 74 by FOBIERERp VNS, EI3BEOE StV NS WA D K
DK/ K (K13, 14 E T %x, A DZHEXQHEER L, 58K 6 225 8 12O\ T, Bm S A HERIC
KEWIGE DK ZHA LK, [ Kg(K 12) 20T Dx, 1 OZHEXQRS) 2B Lz, (Q24), 25K, Kk
¥~ bt v 24, (FQ26)~(33)) ZHERRT.

Table 3 Stress concentration factor at the upper and lower limits of x and A.

Bounds a/p, t/p, pla, p K, Kee, Kis, Kiar Ki Ki/Kis, Ki/Kia
A-0 t/p—0 Kig—1, Kis—1, Kg—>1 K /Kes =1, Ki/Keq 21/Kpq
A-1, 0<x<2 |t/p—o o Kig = o, Kis = o, K;=K;4 K:/K;s =0, K;/Kiq -1
x =0 a/p -0, p > o, t/p -0 | Ky =1, Kig =1, Kis 21, Kig »1, Ky 21 | K /Kis =1, Ki/Kiq =1
x -2, 0<A<1 p/a =0, p =0 Kig = 00, Ky = 00, K, — o0 obtained by extrapolation

1.1 1
' 0.9 S —
N
0.8 N
0.9 AN
0.7 A
0.8 —~-a/p=0
L P
3 0.6 ol
N . 0.2
0.7 X 05 —0.4
> 0.6
X ~038
0.6 04 F < pla=1 x=1.0
-08 12
~0.6 14
03
05 -04 1.6
~03 1.7
0.2 ~02 1.8
| 0.1 1.9
04 o1 ~-0.05 1.9
‘ ~-0.02 1.9
03 ; . . . . . . . 0 20 it ) |
0 025 05 075 1 125 15 175 2
’ 2 4 8 I
A 0 0 04 5pp 06 0
Fig.12 Relationship between K,/K,; and x ateach A. Fig.13 Relationship between A/ Kisand Aat each x.
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9 F————— . |

~ 2t/ D=0 2t/ D=0.05 2t/ D=0.4 2t/ D=1
08 b\—T‘\‘*\‘ x=0

T I S e S
0.7 .
F\‘N Region 1 Region 8
06 L 06 eq-((i%) eq.(13)(14)&(33)
2 07 &(26) Region 6
X05 |
05 . 08 eq.(13)(14)&(31)
X .
04 A, Y e Region §
03 - eq.%le) ] Ee%g;(in&(zg) q.(13)(14)&(32
' 6595 . ((s}g)) 3 €q.(16)(17)&(28)
02 x=1.98;
=2 Region 2 eq.(16)(17)&(27) | Region *Region 1
0.1 r 2t/D=0.8 2t/D=0.9
0 & Zl/lbl b & 4
1 1.2 14 1.6 1.8 2

Fig.14 Relationship between K,/K;; and x at Fig.15 Classification of fillet shapes for making approximate formulas.
each A. The values of K,/K,; as x — 2 Regions 1~5 arebasedon K,/K,,; inFigs.13, 14 and regions 6~8 are
(p = 0) can be found by extrapolation. based on K;/K.; inFig.12.

9. K,/K;yI2&d74 Ly FEROLEEICHT ZEDEFRBOHER

AT, BfTE o7 1 Ly MERORHEFHITST 2 I8 DB PR OFHERD MR DO (24)~33)DiE ) 155
iz, =770, FEHERIEN 15 0OZNENOEHOATHEH TH Y, LORNETHS. AL TIE, ZHETD
B S ORFZEIC Y, FEM TRO7K %, K /KinE LT, 74 Ly MEROSHEORFEXE LTH27. 22
T, (19 THREINDK L, Neuber O =fH|(Neuber, 1957)%EEL, FEEDE K (G(13), (14), (15) &k
DEWKG16), (17), (I8)EFHAL TROMETHY, m=16 L LTW5D. X161 T LI, K. /KDl
1 3x—2 OEAICRAIRIZENT D, 51T, 1.98 < x < 2TIL FEM TS REE L 72 5726, FEEDEOKZHES
SRR L BK, /K s & FEEDENK g\ FES < RN L DK, JKeg 1 B3RO SN DK, JKiy DIiEZ FANT, Il
DIEERMREZ T, F70, x28 2 [T DBR0K, /Ky DZAL, 3B X OEFER CTOK, /KD 1 735 DIRZED]N
LB X9, RAHTHEM =16 ZEALTW5.

Kiy = (Kis = DKeg = D/{(Kes = D™ + (K = D™Y™ 41, m=16 (19)

FEM CTK®O72K, &, FRoi@y gzt 5RO 72K, L 12 L DK /Ky ZTE 3 2x, 1 0%EXTX(20)T
FaNs. RO Z MR 5 72 OIREA T [ Ay ] 13 3 SEIRIC 01T TRd 72,
l n
K,/Kzy = Z AG+1,j+ Dxi Vi (20)

i=0 j=0

x<199, [=9n=9 GIfPlRE7E 0.8%LLF)

0.9994 0.0402 -1.2280 13.5265 -70.7143 202.5021 -337.1539 326.0297 -169.9334 369317
0.1763 -1.3045 6.5723 -77.3034  481.4811 -1409.3626  2225.0355 -1975.5926 929.3585 -17$.9976
-2.5888 15.7636 -7.2357  -93.8105 -184.9058  1090.0235 -1354.3841 494.9125 190.3156  -14$.0041
13.6318  -75.5972 91.0291  474.6413 -693.2687 -35.6860 -500.8691  1674.3755 -1446.6311  50p.1021
[AtN] — -35.3752  171.4189 -340.2816 -520.8515 938.0776 180.4844 17.4447 -305.2143 129.2546  -24f.0898 (2 1)
51.2949 -200.3871  503.4797  152.8264 -429.8136 -343.5987 42.3137 -858.6771  1047.7214 5p.3387
-43.6023  120.3719 -342.0819 71.9488  -67.3688 191.6864 524.2938 337.6972 -636.3762  -17].4237
21.5817  -31.1445 90.3755  -18.0977  130.8603 -116.4721 -372.4435 21.6310 97.0879  183.9840
-5.7580 -0.1269 5.1287 -28.0086 -23.4041 29.6219 105.7485 -40.4339 31.5921  -76|3300
0.6400 1.0362 -4.6221 9.7668 -3.9916 1.8091 -15.5358 10.3106 -10.8695 11.p763
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199 <x<1999, [=3,n=6 Gl 0.8% LA T)

3532.7675 -46381.2540 52989.5820 -6131.0401 -47543.8898 25587.5596 13198.8849

-4810.8210 43869.8546 -26949.6890 -13235.6694 48898.5469 -14844.9183 -2557f.8977 (22)
2160.2206 -9044.5245 -12523.0644 16381.5138 -10640.6916 -6456.8901 16334.7712

-318.8746 -647.2942 6373.5434 -4110.5212 -968.6021 3746.6602 -3424]3815

[AtN] =

1999<x, [=7,n=9 GIPREZZ 1%L T)
—-24912.8165 -87336.2869 986.8529 67322.1816 67561.2815 578.8331 7060.0462 19792.5912 -129425.1490 -120p39.5769
-1038.3630 40683.3677 3673.3649 -30265.8966 -64680.5672 39274.5330 -25039.2097 -1165.6896 29442.8824  76p27.5563
1223.6918 4.3714 -1358.7721 12050.1410 -1927.6475 12535.3458 3305.4287 -5338.5096 37933.3403 -2805.4654
[AtN] — 1239.1242 9502.9417 7269.7010 -4464.8874 1482.3735 -2640.5556 4321.6622 11572.1536 1303.1981 5848.6860 (23)
2578.7517 -4206.0343 -9499.6665 -1989.0157 5531.2782 -9525.4678 -7379.9031 -7295.8479 -7669.7590 -2469.5521
51.1370 -399.5702 2140.1957 -524.2461 583.6220 139.4944  3779.5250 835.8465 1118.0829 -849.1366
-64.9038 769.5367 735.7220 -406.2373 -1969.0764 -24.8611 -701.9539 338.6840 505.5130 -60B.8242
-207.4984  -306.5418 -192.6320 433.4039 593.3309 333.0087 277.8826 -147.9361 -294.5717 30D.6236

16 12, RQONZ EfifrE~ bV v 7 A% WK, /Ky Dz RS . x = 2T, Ky, Ky IR & 72 528,
K /KinFBEIMEE 722, 2o Z &0, (KEINEIC X 2800 V BEIR X (p = 0)&2H T 5 AEOFENTHER D B
STV D(ENEft, 2001). RQ0)DFRZEIL 0.8~1%ATH TH Y, FEM IZ X DK, DRI x|V THEH AR
Wil 2 52 5.

12 1.2
— Equation (20) —— Equation (20)
x=1.995
115t /1.997
1.999
1.9996
1.9999
1.1 2
+ 5
k
o
N
1.05
1
0.95 L L
0 0.2 0.6 0.8 1
2t/D
@ x=0~2.0 (b) x =1.995~2.0

Fig.16 K./K/y obtained by Eq. (20). Equation (20) provides SCFs within 1% error for any dimensions of filet.

10. FERDIEHERDPFRBE DHE

REFITFIIBN TS, EEE L, 1978), FHEE 2 (RF, 1965), HEE 3 MGk FHERREL B2, 1992) %I
EDINETRBORZ SR URGHEIREICHWD ZERE 0. MUV EZITLH7 4 Ly N EAT 5B & bk
WZBI L TiE, FEHHE 1 Tld Jacobsen DEXRT o ¥ L OFLBIG & FIH L7 HER R & Wiegand IZ L HES—
IC X DWERERED D, FEE 2 TIXEESA & OFRLE D RDIFERN O O NERRBOK E STy, HEE
3EEORITOHMIIFEC & Bbin s, X 17 I0EFE 1 ORI X 28 8ER R (KNSt L Kie45) @, 9 &
DORQONC L DR AEIRE (KPP L £ 2) T2 ERT. K17 Lo, KNshide |z 33at-c R )
72 p/d DFEIPHT 10%REDENH D Z L NbhnD.

Peterson M (Peterson, 1974, Pilkey et al, 2020)1 T/ IR Z i 5 72 TR L TB VR TH 5. X 181F, 7
+4 Ly NEBEA T 2 Bl Z RO FELFHER 2R3, Peterson DRI U W IZHNT 2 it P (0.25<t/p<4),
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2
12 L -
K/Vishida ; g by 'Stress concentration’ M.Nishida Lo g= " "‘?\\eo
115 KFa.(20):. K, obtained by Eq.(20) s I -
17 b s
N 1.1 "\\7
8 NS —
‘E. 1.05 | ¢+ Applicable region of
X 15 i Peterson's formula
m\ i
31 M .
g !
5 B3rsh
0.95 i .
12 12
wul
0.9 L oo x=a/p a/p <1 .
0 0.1 0.2 03 0.4 05 0.6 1 L[x=2 —pla alp >1 |
2p/d 0 0.2 0.4 0.6 0.8 1
2t/D
Fig.17 Accuracy of SCF K[Nihda in Ref (Nishida, 1978). Fig.18 Actual design examples of stepped shafts with fillet
Since 0.9< KishidajgFaCG0 < 1 - gNishida paq previously used. The gray zone shows the applicable
about 10% error when 2p/d is small. range of Peterson's formula. In practical designs, the

stepped shafts in the range x=1.7~2 are often used.

1%, IRV, HFITRT B METE(0.1<t/p<20)IT T 0B, SEFET 28 2 B EMI D7 < 22,
19 12K AN % Peterson DRI K 2 I HHEHFIREK (KP & Kt T 5) Oard. KPOKF PO 1cxi+ 5
P03, AU DI AN TR TS 4%FLETH 5(0.97< KZ /K Y <1.04)73, BI8ED, #Fici
% 36 DR CIIoR 35% S L 72 5(0.95< KP/KFIC <135). Zokflz, LV IZkT 2 Peterson ORILZD
AT CIERREIIR X < A2V, BRSO LTS LBRAR KE G222 L 03b Y, #atE
BTOMORKI L 725> TS,

2012 Dfd %787 A—HIZ LT pf/d Ik % 9 EORQONC & BIEHHEREK PO o % 7. 1220 12
L0, BEMEE T ORISR SN BEOISETROMTIRZ T, BEOE VIS ETEEAELNS.

x=1.99 1.98, 196 1.94 1.921.9

o

K/ KFa20)

\
KEa.20)

KP = C, + C,(2t/D) + C5(2t/D)? + C,(2t/D)® — Applicable region of Peterson’s formula
C; = 0.905 + 0.783,/t/p — 0.075t/p for torsion(0.25 < t/p < 4)
C, = —0437 —1.969,/t/p + 0.553t/p Extended region

(4 < t/p <20)

Cy = 1557 +1.073,/t/p — 0578t/p oo (t/p < 0.25,20 < t/p)

€y = —1.061 +0.171,/t/p + 0.086t/p
(0.25 < t/p <4)
Fig.19 Accuracy of SCF K/ in Ref (Peterson, 1974, Pilkey et al,

2020). Since 0.97< KF/KF " <1.04, Peterson’s formula has
4% error at most in the applicable range. Since 0.95<
KEP/KE®Y <135, Peterson’s formula has 35% error at most in
the same range proposed for tension and bending of stepped shaft
by Peterson.

Fig.20 SCF diagram obtained by using Eq. (20) within

1% error.
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1. #

74V/F$%ﬁ¢éﬁﬁéﬂ%®mﬁﬁﬁﬁﬁi BROEOMEFREHIBWTCEETHS. 5I5ED, i
%xféﬁAuowTi T ARTOPERFI G LA RS TR OFEADPBCIRE SN TV D, Al
DIZHOWTIIRAEADFEL 2. 22 TZIK WCTIL, T FRE & U CORle PR B A 52 1 DRI RIS R %
ﬁﬁﬁ%?&i%ﬁ%ﬂ% L, AUV EZTDHT 1 Ly MBEAT 2B & BROISTHERE A 42 C O~ NEF CRE
BEPT25HEXES-. £, MEINECE 2R 5 PEMUIXR X 2H 350, 160°VIFUIXRE#H7
D) AT FEE A L, SRR OMOREEN 453 T H F o fifgad LT-.

1) »:xﬁ?%a‘%’(ﬁﬁﬁ SHAHEFEGEH, 19781 X 2ISEPRENL, G CTEER/NI 2 p/d DFIPHT, A4
TN HEFREIT S U TR 10%FEE DREZEN S 5.
2) i@L‘LV) 2%t % PetersonZ J % s /1R O R (Peterson 1974 OAMIZE TS b - TR 54
A, RPN TR 4% (0.95< KPIKTCY <1.1) ThoA, EMEEEAE L < REHEBTO
FEHOHFIE 7o TS,
3) BlIEL & T2 ow P £ TR L Chtligd 25 &, PetersomD D KiRZEIX5 3R Y OLAIC
25% HiF DB 15%Tdh 72 U, 2025 230 LY TIE 35% (0.95< KFPIKFICPY <1.39 12 b k5.

X Bk

eka IR R B, FEMGRGETHERL, AL, (1992), 590.

Neuber, H., Kerbspannugslehre, Spnnger-VerIag, Berlin (1957).

FEHIEZ, IS, el $Euihi, (1978), 646.

VAR aLME, BrEFE, EHBLO60 VIBPUIXRE AT 5 IEORL VIZERIT DISET, AARK =
£ A fR, Vol. 50, No. 457 (1984), pp. 1592-1599.

HPH A, R, 70 Ly MR T D BT E U K OB & R OIS TR OV T OBLE, AR
WP CHE AR, Vol. 62, No. 595 (1996), pp. 787-793.

BPHH IS, SR, IR, BIRETIRORHEPHIC R U CEMIS IET R E 5 2 53R (MEMRE %
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1% K,/K B&UK,/K Z&dDT7 4 Ly FEROLFEHIZHT S NEFRBOFHER
15D 8 DO SGEDK, /K FT21EK, [Kiql, &4 x, AOZEAL LTH(24), 2B L HIzERIND.

l n
K, /K, = ZZAk(i FLj+ DN (k= 1~5) (24)
i=0 j=0
l n
K,/Kiq = ZZAk(i FLi+ DXV (k=6~8) (25)
i=0 j=0

1) #E81: 20 TK,/K,s=1 TH Y, K,/K1L0.95~1 DI E 725, G 0.6%LLT).

- 0.99972  —0.08260

—0.01038 —4.69279

[4,]1 =] 0.02303  9.00521 | (26)
~0.01822 —6.94924J

[ 0.00484  1.83412

2) FEBI2: x-2 2N T o by RERE p N 0TS, GEEEAZE 0.5%LLF).

>

[A;] =| 126783  19.72055 —7.59514 27.29401 27)

[-0.31780 —5.34270 223193  —6.90314
3) T3 (IERAE=0)

0.88621 0.51237
A.l =
[4s] [0.07789 —0.69618 (28)

4) FHM A : K. /K%, 0.61~098DfE & 725, (IEREZE 0.4%LLTF).
0.99624 —1.24279 —1.63041 5.12093l

[—0.26377 —19.33345 7.148790 —27.40238]

[44] = [-0.00251 0.63269 3.83735 —8.61596 (29)

0.00202 —0.30203 —1.36704 3.01241
5) fEIES : fEM L & FAEIS, K/K 1 0.94~1 DL 725, GIPEEH 0.3%LUT).

=
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1.00488 —1.73670
[As] =|—-0.00819  1.20615 (30)
0.00286 —0.46519

6) fHIK 6 : x & A DIEVEIPHTK, /Kgld 1 ITIEVMEE 725, GEEEEE 0.7%LLTF).
1.00665 —0.02266 0.01878 —0.00317

[4g] = | 012924 049845  —0.61292  0.24462 31)
0.23548 —0.90227 1.12496 —0.45849
—0.10693  0.40837 —0.50961 0.20827

7) SEICT : 2e/DH L ISEWFIRT, 74 Ly R p 2 0 ITE D BR(x-2)IZK, /Kig =1 Th D, GEREE

0.4%LLTF).
27.25578  —26.47282
A
471 = [1325430 13.36419 (32)

8) fEILS : B4 L[FERIC, K. /KqDZEBDVNE< 0.928~1 DfEE 725, GIEEAZE 0.5%LLTF).

099975 —0.01764 0.07252 —0.08942
[Ag] = |-0.02656 052796 —2.31094 3.00960 (33)
—0.02294 0.06960  0.01737 —0.20515

X 2112, fHEROXQ4), QSHNZE DK, /Kes, Ki/KiqDIEDDIFT2K, % Ky THRUTAEZ RS, 54 TJZ@%BIV\TC
IR OBEZET 0.7% R THD. b, KQ4b), @HNTHK 4S5 ML, 3 I CTREDN R 5412, K21 1RT X
N, PEIROEE R TE T OAEGE NIIE L CTRWEIR S 5.

—— Equations (22),(23) ——Equations (22),(23)

x=1.995
1.997
1.999
1.9996
1.9999
2

1.15

1.05

0.6 3 0 0.2 0.4 0.6 0.8 1
2t/D 2t/D

@ x=0~20 (b) x =1.995~2.0
Fig.21 K:/K{y obtained by Egs. (22), (23). Equations (22), (23) provide SCFs within 0.7% error in each region.

The discontinuous results are caused at boundary regions in Fig.15.
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