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Bolt axial force

External axial load, W,

PN

Clamping force, F;
Fig. 1.1 Model of bolted joint

Deformation of

Deformation of bolt
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axial
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Clamping
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Displacement

Fig. 1.2 Joint diagram
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. Stiffness of
Bolt StlffneSS, Kbl C|amped SOIid, Kcl
\ I I P
| Force, W,,
Force, F F=Wer+Wey
. <B Wa1=Wa2
<B
I Force, W,
\ . P
. Stiffness of
Boltstiffness, Ky, KIP clampedsolid, K,
(a) Structure with bolted-joints (b) Modeltied at bolted-joints
F:Wal+Wa2 F:Wa1+Wa2
Wy _ Wy Wy W,
Koo Kpp Kp+Ka 7 Ky +K,

(c) Modelwith bolt stiffness (d) Model with stiffnesses of boltand clamped solid

Fig. 1.3 Load division for structure with two bolted-joints
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Fig. 2.3 Lori's model of finite element analysis@-
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Fig. 2.4 Dimensions and material properties of analysis model [mm]
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Fig. 2.5 3D finite element model of bolted joint
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Fig. 2.6 Axial load condition of analysis model
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Fig. 2.7 Bending moment condition of analysis model
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Fig. 2.8 Contact pressure on surface between two plates
under axial load (M10, #6.0, #9.0)
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Fig. 2.9 z direction stress distribution under preload and
axial load (M10, 6.0, £9.0)
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Fig. 2.10 Contact pressure on upper bearing surface
under axial load (M10, 6.0, £9.0)
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Fig. 2.11 Displacement on bearing surfaces under axial load (M10, #6.0, #9.0)
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Fig. 2.12 Relation between compression force and compression
deformation of plates (M10, 6.0, £9.0)
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Axial compliance, &; X 10-5[mm/N]
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—— VDI 2230 (1977) Eq. (2.3)
----- VDI 2230 (2003) Eq. (2.7)
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.13 Axial compliance of clamped plates with M8
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Fig. 2.14 Axial compliance of clamped plates with M10
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Fig. 2.15 Axial compliance of clamped plates with M12
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Fig. 2.16 Axial compliance of clamped plates with M16
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(a) z direction stress
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(b) Contact pressure between plates

Fig. 2.17 z direction stress distribution and contact pressure distribution on

surface between two plates under bending moment (M10, #6.0, £9.0)
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Fig. 2.18 Displacement on bearing surfaces under bending moment
(M10, 6.0, £9.0)
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— VDI 2230 (1977) Eq. (2.4)
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N
o
T

‘e
£
zZ
S 60
o
S 50
X
< 40
1<) ® o o o __
e ® o _ O _\----""""
< 30 r a-
E d t,=3.2,£,=9.0
g 20 r t,=6.0,t,=6.0
g t1:3.2, t2:6.0
S 10 t t,=4.5,t,=4.5
<
[«B]
]

O 1 1 1

0 5 10 15 20

Clamping length, t;+t, [mm]
Fig. 2.20 Bending compliance of clamped plates with M8
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Fig. 2.21 Bending compliance of clamped plates with M10
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Fig. 2.22 Bending compliance of clamped plates with M12
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AT ITAT U RAEREL > TWZDIZH LT, EBIE LT tang ®H(2.13) TIE, -1.56%
N5 6.8%DFIHTTFHITE TS,

K(2.13)D tang # WV TH(2.8) L Q.Y LHITa T T4 T R%ERk, VDI
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oW TiX, RQINDIFNa L TT7A4T7 v A&EDIZ, M10 & M12 125\ Tk,
(213D N2 T T AT U RAEEDIZFHGT 2 A & 5 2%, VDI 2230 (2003) D=
@25 L0 LTS RZBIBIL TS, £z, fEko VDI 2230 (2003) Tkt 7
MO TEMEDBENI LD T ITAT U ADOEEREELLFMTcEx b, VDI
2230 (2003) TI, EHTHRE RIS L TIRIE —22% KD IciFa 7747 o 22 1L
STWEDIZx LT, BIELT tang ®R(2.13) TiE, —6.5%0 5 10% D #ipH T Tl T
XTWN5D.
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\ t,=3.2, 1,29.0

t,=6.0, 1,=6.0

20 | t1:3.2, t2:6.0
t,=4.5, t,=4.5

15 ¢

10

===-VDI 2230 (2003) tang Eq. (2.5)
5 | O Analysis result
X Modified tang Eq. (2.13)

Bending compliance, 3, x10-°[rad/N-mm]

0 5 10 15 20
Clamping length, t;+t, [mm]
Fig. 2.30 Comparison of bending compliance of clamped plates with M8

20
‘e 18 | o
S X g Q 9 |
(% 16 Q mm———"
= 14 r Q. t,=3.2, 1,9.0
S -~ = =
;| 12 - @, tl 6.0, t2 6.0
< 10 | t,=3.2, 1,=6.0
g o | t,=4.5, t,=4.5
8
£ 6
g 4 || ----VDI2230 (2003) tang Eq. (2.5)
._g O Analysis result
s 20 X Modified tang Eq. (2.13)
m 0 | | |
0 5 10 15 20

Clampling length, t;+t, [mm]
Fig. 2.31 Comparison of bending compliance of clamped plates with M10



2.5 ki (AT T L DL

47

14
=5
£ 12
Z
=
£ 10
5
X 8
<<
5}
g °
=y
g 4
3
(@)
£ 9
©
5
)

Fig. 2.32 Comparison of bending compliance of clamped plates with M12

6

Bending compliance, 3, x10-°[rad/N-mm]
w

Fig. 2.33 Comparison of bending compliance of clamped plates with M16

t,=4.5, t,=4.5

t,=3.2, 1,=9.0
t,=6.0, £,=6.0

t,=3.2, 1,=6.0

===-VDI 2230 (2003) tane Eq. (2.5)
O Analysis result

X Modified tang Eq. (2.13)

5 10 15
Clamping length, t;+t, [mm]

20

X’
4O t,=6.0, t,=6.0
© t,=3.2, 1,=6.0
t,=4.5, t,=4.5

t,=3.2, 1,=9.0

-==-VDI 2230 (2003) tane Eq. (2.5)
O Analysis result

X Modified tang Eq. (2.13)

5 10 15
Clamping length, t,+t, [mm]

20



48 925 SMATE LA — A 2 N T OGRS RRIYE ORI S5

2.6 #E

Pifili 2 B R LAV MR IR T T VB W T, RO a7 T A4 T A
EMiiFar T o4 T AEFHMEL, SR M a I A T R EMTa s
TAT U AERHMI LTz, fFoNT/RICSED, $Ek1 6 AWV 6TV B Hk R 0%
il E A R 0 224 M 2 BRGIE L 72 5B, DL R R 2157,

(1) WG IS X s R sl s = 72 A 7 > A%, VDI 2230 (1977) D M
faifil & VDI 2230 (2003) D 37\ o 25 A £ A6 (€ 7 /L O FEICALE LTV 5 23,
Z DM H ~OWHTEAITHR L MRICIKTFEL TV 5.

(2) #hfar ERMER LIcH GOk a7 74 7 0 201, Ik 710 80%F2
JEDOMEE T—ET, 100%REITHEMLTHITEAELE{L L.

(3) Hhfaf & & B E— A > MOMER L7725 & Ok RE R ORITEIL, M3 WAl %A E
A TEFT L L CTW5 VDI 2230 (2003)(1C LV, 1 ZIEZH ISR CE 5 Z &N
Syiro Tz, 7272 L, VDI 2230 (2003)1%, il J7 il & e K C 11% R, dh P
R T 22%EE @O L, AL MMrEZAE FAERANCEMT 5. S 512,
W D 72 D PSR DG, SRR i fs 1K Z ai4E & 3% VDI 2230 (2003) 7>
LEENDEMIZH 5.

(4) fRFTHRE R 5, VDI 2230 (2003) DA - WAET LV OTEMA KT tang 2K
7o, TOREREND tang ORI, 2 DOORORIELL ti/t, Z B [E L 7= %HIE In(t/ty)
ANz, EHEAEZEELE tang DX ERE LT-.

(B) FEfTIT R & & EmEE D | /d,=0.11~1.29 OHiPH DR /L MFFEREAIC, ETE L 7= tang
ODREHNDHZ LT, AM=ary 7747 A%2-1.5%0 5 6.8%D&iH T, #Hif
AT TAT U AE=6.5%0 5 10%DHFA T TR TE, FHEFIEOKENS LN
5.



2.7 BHEILik 49

2.7 BEXE

(2.1)

(2.2)

(2.3)

(2.4)

(2.5)

Verein Deutscher Ingenieure, VDI-Richtlinien 2230 (1977) Systematic
calculation of high duty bolted joints, 1977 [ H A% UMFZEH 2GR, &R E 7
Ui O RAIGHE T 1E, AARR UMFEH 2, 1982].

Verein Deutscher Ingenieure, VDI-Richtlinien Blatt 1 2230 (2003)
Systematic calculation of high duty bolted joints -Joints with one
cylindrical bolt-, 2003 [&z =] - JIIH — R, mER Uk oK
RHEHRIE -HENMR—A AL MR-, AARQ UAFZEH 2, 2006].

Lori, W. und Glaser, H. Berechnung der Plattennachgiebigkeit bei
Schraubenverbindungen, Konstruktion, 42(1990), 271-277 [&# % =R,
R UFERICB T D8RO 27T 47 o 2ADFE, BAR U
£k, 22-12(1991), 393-401].

%&

Hanau, A., Zum Krafteinleitungsfaktor bei der Berechnung von
Schraubenvergindungen, Konstruktion, 46(1994), 99-106

ANSYS v.11.0 Documentation, 2.13 Axisymetric Elements with
Nonaxisymmetric Loads, ANSYS.



H L ANE— A 2 b O#ERRG AR O BRI 2 )




FIE HNEFEEHNE—AVEFTD
HIFEARED IR ED

3.1 #§8

RIS RNC, T M & Wkt R o Bafih & 5 58 L 72 RV b (R O A PR BB AT
(&0, M E D /N S WBRIZREIA 33 1T D B RS AR o ih J7 I &l PP A REA L
R A Hi k5 2 % VDI 2230 (2003) VO [IPE X A2 RIE D R ip % 2 DR OFERE
BWHTEALI)ICEELE. ZhiCk - T, BIBEBICE T 5 RV bFER A ORI
DUNTI, 7 mil e, #TRE & SIS E O & ORI A2 RS LT

AT Cilam L7ZAREEIR N O S I 0N E— A U R RE LD &, BRI
M OB 2 0B LARD 5. BERRE A0 BE LAaD 5 &, RL b & BRGSO i AL
BIGRIZIERR I 2 Eh &2 R, @7 A B F O, WA K& < 7o 0 s s i oo $2 firk i
MPWNEET 2L, RV ERTRTCOMEL ST L2 &0 EEMEGRS T S
TWHGDGD, 5 S — R M3 bS5A, WIS /N S < #EmESEICY)
HIFEAH T DS X A HEEDRAR SNDFHEDORRE SNTZHEITONT, KL b &gk
FER DR EENMBEROES T IEEC X 2 IEREZEH N ER I TN HED-6CD L
L7 s, WRERESAD o RKR&EWES, AT —A 2 FIMERALZ & E0EAmEDHEC
L DM EBIIRE FoEm SN TR LT, REmZBE LT, £ omR
KON R R THS.

ARETIE, AIFELFAFEOEMEZZSE L -ARERMITICE Y, HEE RO A
MBI X B IERIE B 2R 5. £ L C, TOHEMEEHERT HETT L2
FL TR M RICEAcCE s IcERLT AL 2HNET 5.



52 3 AMITE LA — A 2 b T OYRRERS AN D FERR I 2 Eh

3.2 BfrAE

ATEE & AR DIRNTET V&2 WD . SRS R OBk & B4 B8 L7 3 RocA TRE SR
BT NERWT, FRAE S T — 2 2 N AR ORGSR ORINEZ TS 5. T
VOTGIR & BB O RAE 2 FREK 8.1 1. £ D 3T ARERET VAKX 3.2 [TR
. 2O E 1 RO ARV N TR LR EAE L, S otk cET b L
7. AV NEER &SRR, B XN 2 OB oA BE L, BEERE LT ZhE 0.15
& LTm. BEROE &I T T Flo oW T, JifE & FREDFR 3.1 D% AV 7-.

Hh G ATE W, b 3.3 IR THIE & RSEOARSHE L, MIHTT 7 Fro 1.4
BREZH 2. 7220, FEMPEEBEHEMIEMT 572012, WMERAT v 720
FeAH T 1D 3%FEFE TRy b L 7=,

HIFE—A 2 N M OAMSEMNED, BIEEFRERICK 3.4 [ZRT XL 9 7 0D 4 7% B
BELCERbLE. L, MFE—A N LTEHEZDEmOMmEpp 25, F 2.11Z
R LT RGO 0 K D BT py £V k& <725 XK 52, p=1000cosé [MPal
TRINDEEZ RV NERERIICE 2 7. BB EEEZFTMT 5720, WEAT v
ThRETE—AV MWD 1% E L THM{E L.

Contact surface Contact surface
on bearing surface i _ between plates
14,=0.15 L 14:=0.15
Mo y A
T : ¢9|3 / o
P |

¢_D' Y
f < | I

N\ =
: AN

7
Z Plates N Bolt
X E=206 GPa, +=0.3 E=206 GPa, 1=0.3
t;, t,=3.2,4.5,6.0,9.0 M8, M10, M12, M16

Fig. 3.1 Dimensions and material properties of analysis model [mm]
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X

Table 3.1 Dimensions of analysis model, preload, preload stress on thread

section, and pressure on bearing surface

M8 | M10 | M12 | M16
d; [mm] | 6.647 | 8.376 | 10.106 | 13.835
D, [mm] 90| 110 135| 175
d, [mm] | 11.63| 14.63| 16.63| 22.00
Kk [mm] 53| 64 75| 10.0
Fr [N] 7,670 |12,130 | 17,610 | 32,620
o [MPa] | 221 220 220 217
p, [MPa] | 180| 166| 238| 234
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Fig. 3.4 Bending moment condition of analysis model
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Fig. 3.7 Contact pressure distribution on surface between two plates
(M10, #4.5, 16.0)
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Fig. 3.10 Displacement on bearing surfaces (M10, #4.5, #6.0)
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Fig. 3.19 Comparison of analysis result and prediction of bending compliance
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Fig. 3.20 Comparison of analysis result and prediction of bending compliance
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(M10, #4.5, £6.0)



53 F AMATE LA E— A 2 N R OHGRR RRIME D FERE A E)

140
‘s * FEM sol.
E 120 L
z [ |—Present sol.| Mgyp=90.9 x 103 e
8 - ) . [ [
7 100 ¢ B,=103 X 109
— L
X L
% 80 f
g -
s 60 F
= i
E 40 f
o L
£ '
S 20 M1 =40.9 X 103
& [ B=17.1x10°9
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 50 100 150 200

Bending moment of the clamped plate, M, X 102 [N-mm]

Fig. 3.23 Comparison of analysis result and prediction of bending compliance
(M10, #4.5, £9.0)

140

- | * FEMsol.
120  |—Present sol.

i Meno=90.5 X103, 4 suusunnns
100 Je "

0 B5=95.3 X 109

60

40

Bending compliance, £, X 10-9[rad/N-mm]

20 | M, =40.7 X 103
- 4.=155%109
0 1 1 1 1 1 1 1 1 1 1 1 1 1
0 50 100 150 200

Bending moment of the clamped plate, M, x 103 [N-mm]

Fig. 3.24 Comparison of analysis result and prediction of bending compliance
(M10, 6.0, £6.0)



Bending moment of the clamped plate, M X 103 [N-mm]

3.6 BREEEEAHIT I 1R T L & RS S oD el 73
140 r
E -| = FEMsol. Mei,=93.0 X103 -
z 120 C | —Present sol.
o] -
E L
s 100
9 E ﬁc2:104 X 10_9
X o
< 80 C
& :
5§ O0¢
= -
S 40
=} L
2 3 .
'-g 20 & M =42.2 X 10°
g [ B=17.2 %1079
0 50 100 150 200

Fig. 3.25 Comparison of analysis result and prediction of bending compliance

Bending compliance, 4. % 10-°[rad/N-mm]

300

250

200

150

100

50

(M10, 6.0, £9.0)

* FEM sol.
—Present sol.

M, =46.6 X 10° ..

=204 X 10

£.=33.4x1

) Mep=21.0 X 10°

0

20

Bending moment of the clamped plate, M. X 103 [N-mm]

40

60

80

Fig. 3.26 Comparison of analysis result and prediction of bending compliance

(M8, #4.5, 16.0)



53 F AMATE LA E— A 2 N R OHGRR RRIME D FERE A E)

80
E t | = FEMsol.
z 70 present sol.| Menz=152 x 103
_O - - s ® - - [ L
I r [
= 60 ,=65.4 % 109
= -
X 50 f
g -
g O
3
= 30 f
e C
(@) L
© 20 |
2 s
S 10 M, =66.7 X 108
@ - 4:=10.7 %10
0 L L L L L I L L L L I
0 100 200 300

Bending moment of the clamped plate, M, X 103 [N-mm]

Fig. 3.27 Comparison of analysis result and prediction of bending compliance
(M12, 4.5, £6.0)

30 [
£ " | = FEMsol.
z 25 [ |—Presentsol.| Meny=359 %10
-8 B Il.ll.l....l
T . =24.0 % 109
'8 20 - ﬁcz
X i
g C
qo_; 15 -
8 I
g 10}
8 L
=) i
5 O L Mgy =157 X 10°
d L =399 %107

0 ! ! L L L L 1 L L L L 1
0 200 400 600 800

Bending moment of the clamped plate, M. X 102 [N-mm]

Fig. 3.28 Comparison of analysis result and prediction of bending compliance
(M16, #4.5, £6.0)



3.6 #ihm (R T MIVES) 52T T v L ARG R O H 75

350

300 o
250 + ©

200 @
150

100

o
50 FEM sol.

® Present sol.
O 1 1 1

0 5 10 15 20
Clamping length, t;+t; [mm]

Bending compliance, ., x10-°[rad/N-mm]
D)

Fig. 3.29 Comparison of bending compliance of clamped plates with M8

140
=5
.E 120 e}
z o °
8 100 | o **°
= g
2 X
x 80 <
SSY
S 60 |
8
g
5 40 r
{@)]
,_g 20 L O FEM sol.
S * Present sol.
0
O 1 1 1
0 5 10 15 20

Clamping length, t;+t, [mm]
Fig. 3.30 Comparison of bending compliance of clamped plates with M 10



76

el

3

B AMTE LA — A U b T OPGRRE RRINE O IR B

Fig. 3.31 Comparison of bending compliance of clamped plates with M 12

Fig. 3.32 Comparison of bending compliance of clamped plates with M 16
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Rutman & O F{EEV@H T EIZARZERE & L THRL MR & BN O H S A odil
05 i & A WTIIYE &2 B S D D AT, B RS AR M O RS BE 3KV, Kim & 1%, VDI
2230 (2003) VDY FE RO T mAIYELZ ZE LT MEEZREL TNLH@e. Z o
FEX, AV NOTIFEBE LIEGEIEZ Wb 72D, iR FiEIZH ST
BEREWEEBZ NS, LLRRL, KGO FRIMERLA T MIPEAE[E T
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TWRNENIREDRDD.

ZITCARETIE, WMMZEY 2 VEETET UEL, RV MEGEREZ E—LAEETE
T T 2 L&, 2B THOLALHRIBEBICI T 2 #RER RO mIMZ2 v T e — A
BHROMMEEZRET D HET WLTFIEEEEST L. £12, B Mk RO ZFERR
Rk U CHEAMERE 21TV, WE LS T 7 VI X 2 BEAEMBITRE R & ik L T
ETNMMEFIEOKEZRGET 5.

4.2 RIL MEEROETIVIEFE

RV MREREE O &, T e v = VEF L E— L ERTET MU LIZEITET
N 4.1 KT 0 A0 ISR EF S AT 2 D DG A ] o0 AR BB AN 284k
LZRVREETIZ, AV FES &I 4.1 OJKE TR L7 BRS04l £ 1K T 0Me
ESND. RV MR 2, Rv B X OFEMEMREOSHRETEL, RMHESCRALT,
B EOEE TORMIRBELTRDITBELRNbDOLE L., T742b5, &L b
fEAROMIMEZ A b B OMIME L, FAhEME S TRE S L HFRE OO & L
TEbT. £F, A bowhhm, i, BLXORLCVEIEZRET D, KIS, #i
fi AR O ITw, #F, BLOCRCVEIMEZRET S, £ LT, AL b &R
Pz, RO THRMICESETEKRL, Fiie—20MIMEELRET 5.

4.2.1 RJL ~DORIME
ARV NOEFmAIEEZET a2 75407 A8 %2, VDI 2230 (2003) DR AZHEVLL
TOXHITRD 5.
0.5d I I 0.5d 0.4d
+ + + +

T T T
E,,d° Ed E

§b: 2 T 42 T 42
S0 B Jdl B

(4.1)

22T, d AN FORFUE, dg XK 4.1 [RTHEEHOR, dy XAV OB, Ey
ANV FOY U T HRERT . NEK 4R THBHOR S, I T HEAOR L E
SEXRT. FUOFE—HIIAV I NHO T34 T A, HHEIMFEHO=a 7 F
AT VA, FEEHTRUEHOa T4 T A, BNEEALVNE Ty bOFDHAEWN
HoOarTIAT VA BHBEIF Ty hOa T I3A4 T 0 AERDL TS F—IH,
FIUIE, HIEE, EBREENORBRUICKDLNA TS, K41 OES I, TRTH
RN N2 LR FOEAEIE, =0 & I=kEied.
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\

i o

¢D. X
. D i
Plate 1 e 3 +¢0 QIG; =E | -
Thickness t; L wtU.ok lang | i Equivalent cone of
Young’s modulus E, i L VDI 2230 (2003)

7
- - - - ¥_ _

Al At E e

\ 7T TR
« ‘9{ N
f L/ \ *,
\ / =] )
\ A / / I
N\ | /L v,
Shell element ! // k\\ S b
Bolt | \ Plate 2 —
Nominal designation d : _ Thlckn’ess to
Young’s modulus Ey Clamp solid  Young’s modulus E,

Fig. 4.1 Structure and model of bolt joints

AL b O FREIM: B (oW T, VDI 2230 (2003) DRz ftvy, filifm = 7 A
T ARG ERIBRIC, HHOMITarr o4 T o AORMELTRDLND.

0.5d l, | 0.5d 0.4d
+ + +

B = + .
Vs s Vs Vs s (4.2)
E.—d* E,—d* E —d! E.—d! E,—d*
" 64 64 ¢ 64 64 ° "4

4.2.2 WHEFEEORIE

R SR O S I EME AR 121X, VDI 2230 (2003) TEb I N HZEMA T W EKET L%
25 HiTHELZHLDOHW5. 4.1 AT EMA T WEDOTEA oI, R(2.13)IZ” L
IR TROLEND.

|
tan g = 0.323 +0.032 In| —— |+ 0.153 In| Be
2d d

w

w

(4.3)
+0.0717 In [:—1} =71 t<t)

2
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AT WD KAME Dagr i, K26 TRLEKRIZLVROEND.

Dug =d, +Wl tang (4.4)

I, dy ZEEAT, wiEE AR L N, LAV FOSE w1l AV bR
%. WG R+ 53K D>Daer TH D L &, WG RO G =2 > 7T 4T A6
&, REDTRLERAD LS IZ/HLNRS.

(d, +D;)d, +wl, tanp - D,)
5 - (d,-D))(d, +wl, tanp+D,) (4.5)
¢ WE 7D, tan ¢

ZIT, Bl RDO Y S RERDT.
F7z, hFmEIHEER(2.8) TR UM —IRE— A 2 B lgers KV KD D

37 (D,-d,)diD 7

| gors = :
T 64  DI-d 64

(4.6)

FEAER N+ I8 < D>Dagr TH D EE, D DORDOVIZDagrZHVD. HHF=2 7T
A7 ABAFH(2.9) L FHRICRAD L S IcRSnD.

B. = (4.7)

4.2.3 RNAZRBEBERE

EFLTR ORI b EBFREREIRORINEZ FHWT, b otz & AL &
FERE RIS — KL 7o TET D2REEZHRFTT 5. £, HEMNRRELEL LT W,
MEEENIC I - 1255 2 BET 5. A JIBEENITID 5546 ORIV N EiER & &
TR Z X 4.2@I2RT. 20L&, X 4.20)IRT X IR FRFIERNTD F i
K o TelZ T RO, # S 1A o E 1 RE] BR B 23 B RGN J1 O 73 FAZ L » TelZ iF it 5.
LER-T, RV MO T T4 T7 RS WK Fmar 7547
A&, WAND D,

Fo, =F6. =¢ (4.8

— 07, KRS8 O AT R B EE O O eld, ST Wa i K D 5IRETE Wade 205, AR/L b
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DBIENT Fo DR K DIEMEE Fod 222 LIV DIZE LW, T72b5, kX
MR N,

W5, —F,0, =¢ (4.9)

X(4.8) LKA DeAHWETLLUTORRELND.

W, =F +F (4.10)

F 0,

b %% _@

W, o +0, (4.11)
ZIZT, OIEWNIBREEMEIIND L DT, S WL kT BEI3EN S Fy 0EIE A2 KD
7.

Fe+Fp Deformation of
“ |' Fi— F, _ bolt
+ i Deformation of
= : plates 3

Clamping force, F;
\

r

Bolt axial force

I 1

i Clamped solid %
External axial load, W, Displacement
(a) Bolted joint model (b) Joint diagram

Fig. 4.2 Bolted joint with axial load on bearing surface
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ST DBALEN RIS D &, RV MERBEKROEIRERNED D20, W
ﬁfﬁéﬁ%ﬂ%ﬂiﬁ“é%%#é@é TEDRH BTG WD-UaD S B E 2 B L 72
T @, 1%, X(4.1)TER SN DR IBREISH L TEERE n 2 VL TRAD L H
CERIND.

D, =nd (4.12)

ZOEERE N &2, K 4.3 K O R R ONE D SRR dy K0S
<, A T) W, DSR2l 2> & B hi2 OALE IS > TW A 8E & 7+
L., ZokE, K430 T LRV Hb)%l%%?ﬂjj FlZ Ko T2y, ik
i PR D JEE TG R R B S ERE N ST DI 23 FLZ Lo TeZ it s Z L, K(4.8) L [H
= e/ & Wi AIASR

F0, =Fo. =& (4.13)
< dW »
. D :<dW X Deformation of
; ] bolt
4 : Deformation of
) | F+F, 8 plates N
I S
+ - i
- %‘ VA = Clamping force, F;
% > F-F, 3 W
A ¢ El % a
o0
I ] I
!
i 1 :
b |{ | & )
External axial load, W, Displacement
(a) Bolted joint model (b) Joint diagram

Fig. 4.3 Bolted joint with axial load between bearing surface

and plates contact surface
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—J7, W R O BE RO M L, S Wo il XD K S h OMEDGIRETE
Wo: (W) &, RV S DFIRWN ) FLD I XD EMETE Fid, 272 L5IWie b D5
Lo, F7mb b, WMDY L.

h 1
Wéi——ﬁng (4.14)

a’c
f

X(4.13) L KA1 HEZRHEET D LUTOXRHFELND.

h [ !
Waé‘c |_ = I:bé‘c + I:bé‘b (4.15)
f
" h o
o=l % _ng (4,16

W, I 5, +0,

a

IO X9, K43 ITTRTHRAERORDEEE dy £V /NS WA, EIERE n 1T
HAONME h LM TES kOl E L TRDbDEND.

EREO X O IR R S EE AR dy £ D NS WIRAIE, B R OB IREE RS
ETNMETE D720, BIEFREn AEMARNTEDEIND. EEIL, EEREK N 3K
T IR D TR O] ERALE IR TE LTI T 5. M AE#AT 25618, M 4.4l
AT E DT D FAM VAR DAL Daer (ISR T IR, 440 W, & 590
OIS D K 0 7 RIEDN FRICHEZICEE S LS.

EIEMREn & LT, VDI 2230 (2003) 4V CiX Hanau b MBS ERMEHT 22 5RO 7=
HDOEPVWTWS. Hanau HDOETFTILEDTIL, RONDDMb A5 E2BEL, #
TSR OB S EEN ZEB SN T, 207, K 4.4@IZF TR DS Dag IZH
RTHHIEL, AT Wa b Dag DAMANZIND D K 9 2 G AIC#EH c& vy, 2, R
BIE, LRI D O =k T BRI 5L D < PR o @9~z Jn ¢, il BRI R <o T &Y
770V, MEZ 7 VOREICR LT, BERE N ZREH L T pHW-6 Zh
D OEERE n DI & 722 D =R ITHAME R IZ FE D < FfE o @O~ 2 3T b, #hiE
FERDOBEME OSEER BB SN TR, ZTO7D, ZhLDOEESRE nOXE RN
THIMREEFRE T 5 &, S EMH T VRO IMANZ I D 5 5HEICBNT O &
o TLEY EVIIFEBRENRENEHINTLE .

EARDIE, HH S O ZRTHEERRIC X 5 HE 0@z R X, ghkiiE ko
B O BEZ B L O DEERE n 2 HHT 2 FEZREL TNWH@, Z 0O Fik
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X, BEAEMNIINCE > THRAIZHBEL T RIEZSMA [ oRE2 L S8 TFHE
TOHNRGHEEZLE L L, AR CH D, HEIT, S EMHE W RO
MbbEAEEEL, frE - ZOERMTIEMRIE & 22 D84 5 BED /D 72 IRRE I %t
UEIERREL n & filSAL L TR T 5 @10~an - RFFFEIZ BV TIE, #KIRO FiE %2 A
WTEIERRE n 2Rk, 5§ 2 FTH LA ORI 2 AW TN IR E KD 5
LT

B 4.4(@)ZR T & 9 TR D EM T VR DR Daer (ICHARTHZIRLS, 40 W,
HEME T VRN I D K9 2 kiEEBE 2 5. 2D L 2K 4.4 T X 91,
RV RRBIRNTT Fpll Ko Te T2 MR, Befihs 78 oo JA2 i 5 B B 23 FE A5 PN 0 o 38b
BFACE o TP s Z &b, K4.13) & ISR KD Lo,

F.6, = Fo, =& (4.17)
Dc> Da or
F+F7, F—F", Deformation of

i
- UL _ bolt
Iy \ i / Deformation of
- L plates

Clamping force, F;

“T~
G\\
Ve
/
/f
Bolt axial force

External axial load, W, Displacement
(@) Bolted joint model (b) Joint diagram

Fig. 4.4 Bolted joint with axial load away from outer

diameter of equivalent cone, Dj g,
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— R R IOV TR, ) 4.5() 0 X 9 ICEEREALE ISRV b OSHEN T Fy 28 EH
L, 512 Dagr L VAMINZH TSI W, IMER L72RRE L 720D, Z DA, Daer £ 9 FMA
X, S Wy DER L2 THEEAREA DL TR Y, AN MERIEONT) & ERIT
Dacr £ W RIDFEIK T2V & 5 72, 4.5(b) (R T IME Dagr, WE DiOHRE O
JEREAEE LBIEEROERGDELEEZLND. 4.5 R EM AL, Ak
DBIENTT Fy OB EENICID -T2 RIEEEZ D ENTE DL, ZOEMER
R Dk R D a7 T A4 T Ak, RMAB)TRLES ERD.

Compression compliance, &,
Fo Clamped solid
//

\ |

7 1 N
o |
4 ;
| 5
\

D > DA,Gr \\; : //
£, Clampedsolidy L~=F —F <
+ Fy /
— ~7 g 3 Dacr
| D; Sy (b) Compression of plates
i \
A : i +
\\\ ! ’ Tension compliance, &,
! / a
RN _: 4 = — I Wa 1
t DA Gr ' : /\
External axial load, W, 1 2 1 NRS D;
(a) Load condition of plates | | | —5 ;
| | '
| | | !
DA,GI’ | DA,GF |

(c) Tension of plates  (d) Model of tension plates

Fig. 4.5 Plates stiffness model of bolted joint with axial load away from outer

diameter of equivalent cone, Dj g,
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—JFBIBRAETE, A W A UV DA Dagr iCEERTHIc k& i, K
4.5 T L D IZHME Daer PHFBEARE I —RIZHMAT D EEZLND. ZOREE
1%, K 4.5@ICRT K D IZHME Dagr, WD, X k2 OME O ETFmEICES T W,
BIMOSTEETETNVICEEWWA DN TED., ZOEEOFEa T ITAT VARSI,
KA TRDHLND.

/2
Ec Z(DiGr - Diz)

ct T

(4.18)
L7=M» T, 4.5(b)(c)E ERE LY - IAEDEE OB N IZkATRD b
%,
W, 0, —Fo, =¢" (4.19)
K417 E KU1 eEHETILEUTOAREOLND.

W, o, = R0, + R5, (4.20)

o F_0s 0

ct c

"TW, 8. 5,40,

a

(4.21)

ZOEDIT, K451 LIS T W, 28 Al P VWA DSMANS N 2 556, IEIEMRE n
FREANTRTHERAER DB R T T AT v A&y & (4.5 IR T YA ARG 1A D JE A
AT IATURSDILE L TERDIND.

ZZETIE, WA MAE W, ICxE T 2N IR oL E BRI Z@Eim L CE . R
MERARIZHITE =2 P M EZMAT2HE S, RV b &R A 25 i 8 2 40 3
L2&EMmB, MIFE—A N MITXHT 2N IMRE QL EERE npa FERICERET D
ZENTED. WiFE—A L MTHT 2NIREE DL, RU@.2)TRLERL PO
AT ITAT AL ERAT) TR LIS ROMT a2 7747 2806, BIF
DEITHELND.

__FB
¢ﬂ - ﬂb+ﬂc

HiFE—X 2 b M PEAMHE T WIEOAMANZ N D B354, X 4.5 125 L 7= 8l J7 ) i 5
EAERIZ, X 4.50)DEEHWNIZARL FDOFE—RX L O IINMb5ETVE, K 4.5()

(4.22)
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OHBAEBICE—A L NMBPMbL2ETAVOERAGDLEEE XD, X 4.5(c) D%
ETNLELT, 4.5(IZRTHME Dagr, WDy, B kR oM OWF=a 77 A
TUAPeEUTOLHICERT 5.
I /2
Pa=—7 ff ) (4.23)
Ec 64(DA,Gr_Di)

ZOMROS 27T AT A Po PG RDOMIT 2T TAT AP B E
ERE NS ER SN, T— A MAWMMELZZE LTENIMRE Op bIRO X9 ITERE
TZE 5.

By
n, =2t (4.24)
"B,
D, =n,D, (4.25)

4.2.4 R)U MEEFEAEOFM E— LRI

CIETERBLERLV DAL T IAT VR EWREEIKOa L 794 T7 %, BX
W, TN ONNIREE ZDEERENL, AV MillEZRDOTEME — L% ER
L. F27, FMiv—2ofmiitEs, R MEREEOE G MM & —BT 5 X5
WET D, MA1 DX ITHhME T = VEBRTETMET 256, R Mtk a £
TEME—2DE X, WHMOESOMTRDLDEINIMMTES 1o 1/2 785, L
T2 o T, Al B — 2T E T R W, 23 b o 72 & & oMo, K 4.4(@)12R LT
HWOENeD 12 725, K417 RG220 RANELND.

%g” :%Fb” X :%cbrﬁbwa (4.26)

—77, FME—LDY U IRE B, WAL Apeg e T2 L, 12hEIOFME—
LCHH TR E W, S b o 72 L E oM NE kA TRbEND.

1 ,_ W, 1

= o a

2 EbAoeq E f

(4.27)

0B L T I FE Apeq & 78 2 Al £E dequ 2 BT 5 &, K(4.26) & H(4.27) 7> b S5 Al £ —
LOWEEZ Aveg (TR TEDEND.
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I f
¢n5b Eb

(4.28)

T 42
Zdeql - Abeq -

RIS SV T b RBCE 2 5. Bl e — AOBE KT —A Y h % lpg & L,
(B LW KT — A N Dy & 72 5 B doe 2T 5 L, RUDDORL kDl
FarTIAT RS b, K425 DF— 2 2 MATHE A E R LT N R gy 1 6
lyeg [EKRD L 5 I EHEND.

T |

—d =1, =—— (4.29)
64 ™ @ BE,

ALY MIVES B FRIPE & FARICE 2 5. MR O R T Y RIFEZ R Brm — )msE —
A2 b, HTEIMEAZ R TR RT— A D 2R/EE 72D, RV NS AR L
7o B — DB OSMWT I KRBT — A v M, RERAICEMETE KT — A2 B e
D2fELID. LN oT, L0 RIEOSMAIL T RINEDSEME degy &5 L < 72
D, RACY b IZRT HNIMEE L HITE— 2 MR 2 NWIIHRE @p 1IZF L.

PV MEEREIRDOEMI e — A OMIEZ RO T DOER 4.1 17T, 22 TiE, mHE
RNV REY U TEPNELEE L, REBILJISB1001 © 248k & L. £z, ALk
IFERUARLREL, EE 3.2mm & 4.5mm (BL# 3.2, t4.5 & £id) ORZEENT
N2HFERE LT a 2R, St —2a%80%, ORI b RESRENEL 22D
ZERELRD.
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Table 4.1 Stiffness of equivalent beam and equivalent pressure area

M6 M8 MI0 | M12 | M16 | M20 | M24

Ey [MPa] 206000 | 206000 | 206000 | 206000 | 206000 | 206000 | 206000
E. [MPa] 206000 | 206000 | 206000 | 206000 | 206000 | 206000 | 206000
ds [mm] 4197 | 6.647| 8.376| 10.106| 13.835| 17.294| 20.752
d, [mm] 8.88| 11.63| 14.63| 16.63| 22.00| 27.70| 33.25
D, [mm] 6.60 9.00| 11.00| 1350| 17.50| 22.00| 26.00
D, [mm] 70.00| 70.00| 70.00| 70.00| 70.00| 70.00| 70.00
tanp 0.6062 | 0.5563 | 0.5139 | 0.4902 | 0.4384| 0.3958 | 0.3620
Dacr |[mm] 1276 | 1519| 17.92| 19.77| 24.81| 30.23| 3557
Sy | *x10° [mm/N] 4225 | 2150 | 1561 | 1214 | 8127 | 617.1| 4959

Se | %10° [mm/N] 5949 | 430.1| 286.6| 2780| 167.6| 1129| 78.46

S | %10° [mmIN] 165.8 | 132.1| 98.85| 94.87| 6399| 4599| 3358

n 0.2788 | 0.3071 | 0.3449 | 0.3413 | 0.3819 | 0.4075 | 0.4280

@ 0.1234 | 0.1667 | 0.1552 | 0.1863 | 0.1709 | 0.1546 | 0.1366

By | x107° [rad/N-mm] 3408 | 700.7| 318.0| 169.1| 60.60| 29.26| 16.25
13.2x2 B | %107 [rad/N-mm] 60.88| 26.46| 11.908 | 8579 | 3.124| 1.3603 | 0.6737
Ba | %107 [rad/N-mm] 12.86 | 6.779| 3.578| 2649 | 1.111| 0.5264 | 0.2768

N, 0.2112 | 0.2562 | 0.3004 | 0.3088 | 0.3556 | 0.3870 | 0.4109

D, 0.01755 | 0.03639 | 0.03609 | 0.04829 | 0.04902 | 0.04443 | 0.03981
Apeq |[mm?] 2137 | 2823 | 372.0| 4025| 585.6| 799.0| 10716
lheg | X 10° [mm"] 2459 | 4756 | 9.009| 12.32| 29.41| 6177 1169
gy |[mm] 1650 | 18.96 | 21.76| 2264 | 27.31| 31.90| 36.94
dego |[mm] 1496 | 17.64| 2070 | 22.38| 27.82| 33.49| 39.28

D yeq |[mm] 10.82 | 13.41| 1627 | 1820 | 2340| 2897 | 3441
tanp 0.6171 | 0.5672 | 0.5248| 0.5011| 0.4493| 0.4067 | 0.3729
Dacr |[mm] 1443 | 16.74| 19.35| 21.14| 26.04| 31.36| 36.61
Sy | *x10° [mm/N] 5138 | 2514 | 1790 | 1371 | 896.6| 670.8| 533.2

8¢ | %10° [mm/N] 7039 | 519.2| 355.6| 3439| 213.7| 146.8| 103.7

S | %10° [mmN] 168.8 | 139.7| 109.7| 105.1| 74.76| 55.69| 41.89

n 0.2398 | 0.2691 | 0.3085 | 0.3056 | 0.3499 | 0.3794 | 0.4039

@ 0.1205 | 0.1712 | 0.1658 | 0.2005 | 0.1925 | 0.1795| 0.1628

By | x10° [rad/N-mm] 4237 8324 3703| 1937| 67.62| 3213| 17.64
t4.5x2 B | x10° [rad/N-mm] 66.86| 29.97| 14.02| 10.110| 3.846| 1.723| 0.8726
Ba | %107 [rad/N-mm] 10.72| 6192 | 3542 | 2673| 1.215| 0.6072 | 0.3324

N, 0.1603 | 0.2066 | 0.2526 | 0.2644 | 0.3159 | 0.3523 | 0.3810

D, 0.01554 | 0.03475 | 0.03649 | 0.04960 | 0.05382 | 0.05090 | 0.04715
Apeg |[mm’] 2943 | 377.3| 477.4| 5199| 7236 956.2| 1245.9
lheg | X 10° [mm*] 4140 | 7.310| 1280 17.20| 38.00| 75.82| 137.9
degy |[mm] 19.36 | 21.92| 2465| 2573| 30.35| 34.89| 39.83
dego |[mm] 17.04 | 1964 | 2260 | 24.33| 29.66| 3525| 40.94

D yeq |[mm] 11.66 | 14.18| 16.99| 18.88| 24.02| 29.53| 34.93
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4.2.5 = m RIS

EEIZZ ORI b THifE SN REREEM ZET LT 256, SHROEL
M ESE27DIETELRTHAKE LD ST ENEE LY. £2, HEHESRE
DEERWDLZ L BRETHE, RV IREEAKLT, 5 MUWLERIRTHHE S
NEE'ETIVE LETRFNRT V. £ 2T, 46 IR T O ITHBMEERT VoL
FEORNLNREEKEL, AR TEIBRMOEAEZ ERROEMe —AEET
fmeToZLE L.

VxNVEBZL - LAERZEEHETHIZORWEES, Yo LEBEOLE—LEE
EDOFEBEITRATENCER L TCLES. LiL, EEIIRL b ESMERES KL
o TERT LD, ERROLIBRFHAERITEZ B0, Lo T, FMEMEE
NO Y = VEFZEDOERZFME—LAOERICHERT2LERSH L. M 411X
I, MM EET AL LIy = VEFRIIRO L LIC@E D72, vV Eo
S EREIR O EIE dy+0.5ktanpl 72 5. T OFEE A SRR AR L IS D b LTS, &
IR D> = VEEE S A, it — A EEOWMASICLLTICRT Lo IciE+ 5
kbl

4.7 |\ TS I D RS E B IREEEZ R T, BR D L 51, 7ebp << i
AR TET LT 272D, SR I — 32 Dyeq P IETE & 325, S5l A i 58
e FOiE 1~8 IR ML, Fie— AEROHR 0 O L [EHEsH B EIC X
S THIRT 5. i i OFEIEZ (X, Yi, 2), XY,z FEOWHER B EZ ug, Uy Ui, [EIESH
BMEEZ rg, ryi i ERT 2L &35 FEMERER EOfAioz mitER BE u, %,
B AU 0 DEREE BHREAZHWTKRAD L D ITERT.

Ui —Uyp = (Yi —Yo )rxo —(X;i = Xo)Tyo (4.30)

FEE ORGSR L, SiSioxty FrotEARE us & ulcb 525, 20Xk
I 7R UL, ANSYS®Tix CERIG =2~ K, MSC/NASTRAN® T|¥ RBE2
BEEFANVCRGICERTE D, £ 41101, SMERBEKLDO 0D E S Dyeqg PE D
R UTe. SRR PRI Dyeq (3, JEHERE dy 10 KREL, WENELS 2DIZTEREL R
%.
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Equivalent pressure area

Shell element Equivalent beam element

Fig. 4.6 Equivalent model of bolt joints

Equivalent beam Equivalent pressure areas

O

3\/5 ’ —
2 0
0z

— Equivalent beam

(a) Constraint condition  (b) Deformation condition

Fig. 4.7 Constraint condition of equivalent pressure areas
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4.2.6 VDI 2230 (197NIZE DL RIL FMEEADEZETIL

4.2.1 finv5 4.2.5 #iTiE, VDI 2230 (2003) % H: (255 2 # CTHLHE L 7= M i A o )]
PRI LY BV b kRO T Vb E /" LTz, — 5T, VDI 2230 (1977) % Zi2 AR L
NEEFREROMIPEZLL FO LD ICRET H 2 & 1 TE 519,

X 4.8 12 VDI 2230 (Q97TDICHE S FHAE ORI MEfsEET V2 RT. £9°, A
NDOA LT T AT A Suern (LA VDI 2230 (1977DICES< b DiF, T 512(1977)
ZAALTXBI4 %), VDI 2230 (2003) 0 X(4. Dkt L TR DXL HIckbEh 5.

s _oad I | 0.4d
bAST) o s s T (4.31)
Ebzdz Ebzdgz Ebzdg Ebzdz

WA & RBEOEIZANV FHE Ty FOlIEEZRDL, Fl—0HEZHNTWS. VDI
2230 (2003) DX(4.1) TiXA /v hEHE T v P THIERXR R, S 512y MITIER
U ORI 2MIMEEZE LTV AT, VDI 2230 (1977) D K (4.31)I12%f L Tk
EhTwns.

RV b OEFTHIPES ISV T, VDI 2230 (2003) D Ri(4.2)1C & [AEEIC, Ko ih
FTar7oA4T7 20 MmeELTROLND.

5 ~04d N I N I N 0.4d
b1977 = - £d4 £d4 id“ = £d4 (4.32)
b b g b 3 b
64 64 64 64

—J5 VDI 2230 (1977) D #efhfE R OMIME X, 2 AR Z X 4.8 DS TRT LD
(ZHMR D FEAMEE Deg TN R DiOHFZEMFRIZET b S D . FEMifR Deg & Al
Wi Al Aeg1d, (4.33)E R(4.3)D LI ICERSN TN D, F7o, Hekmfs R odfih 5 1
a T TAT U AGaemiE, RMA.35)D L HiIBHELND.

|
D,, =d, +$ (3d, <D,, I, <8dom & %) (4.33)
A :%(Dezq _Diz) (4.34)

I
0,

f
(19779 = ﬁ (4.35)
c Mg

Do I3 fs A DA 2 R L, UGRS3 8L M2k LT3 IZ IR De > 3dy, D5
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AICHEHAINLIXNTHS.

Wkt FE R O B T RIPEIZ 2T VDI 2230 (19TDICER STV 7RV, 2 2 T,
fhTa = 7T AT AL RRRIZOMVEE D3 B Af S Deq THIREDN XA Dy D 22 {7 o i 1
MW EZREL, MiFas 7747 0 A BaomZIRAND L HIZFRT.

PO
e, & (DL -Df)

(4.36)

FERORNL N EWREEEOE M I AT oA, MiFa I AT AN,
4.2.3 fi & RERIZHE 7 & # T O N IRE Paorn, Qpuomn T ERT D ENTED.

)
dj — c(1977) (4 37)
(1977 :
Obo77) + Ocaorn
,Bc(1977)
@ = (4.38)
BL97D)
ﬂb(1977) + c(1977)
Pressure cone of #Dc -
VDI 2230 (1977) 3 ¢#Deq X |
Plate 1 | } d,+0.5k ¥  Equivalent cylinder of
Thickness t; ! N 5 T i VDI 2230 (1977)
Young’s modulus E.: S P ¢iW J o |
\ : L r /!
1 Ly | N. N IA/ TTTTTTTTTTTTRTTRT
' \ AR 450 éP \\:: N
i M N +
N\ H 7 o> —
\\ }/ I
SN T | RDS4 /AN S \ A
Shell element ! * \ g
Bolt : \ Plate 2 -
Nominal designation d H_%_ﬂ - i de“F$ t,
Young’s modulus Ej, amp solld  Young’s modulus E.

Fig. 4.8 Structure and model of bolt joints based on VDI 2230 (1977)
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4.2.3 HiTIX, #MHEEERICIOLMEOMELZZBEL T, BEEEE n Z2ER L.
VDI 2230 (197DICHEWVTHEELE n NiEim STV 225, HiERERN ST
2. EIEAE n 1Z4T 1.0 LFTOET, 1.0 DE TRV NOAMERK, T72b
LZEMIZRIES 5. £ 2T, 1EkOFECOTIHEIESRE n=1.0, TR DOHEESREK
ZEBETICRIL MEEHEZETMVEL TS, 4.2.4 HoR(4.28) & K(4.29) & [FkE
2L T, FEliE— AR D T E— LA OBIHFE Asequorn & E— L OWIHEH IRE— A
N lpegaorn &5 E3H DFEMAE deqraorn & deqruern A FO X I ITERTE 5.

I

T 42
Zdeq1(1977) = 'A\)eq(1977) = D5 E (4.39)
197791977 Eb
7 I
—d. = = (4.40)
eq2(1977) beq(1977) .
64 D ;0077 Poaern En

4.2.5 i T EIfEE 2 E 2 L=, VDI 2230 A97TDICH S G ET LT, %
il EE 2 £ 269 5. VDI 2230 (1977)1%, Rétscher DM S \Wika2H# s L T
W5, LENR-T, ¥ 4.8 [TRTTEA 45° DM T UVMED S & = /L B 3 0 5 i 2 [ 58 1%
EERTHIENDEYTHD. £ T, HFMEHEBEZ 12 Dyeg=dy+0.5lf DIETTTE &
LCETMET D,

AREiITR L7z VDI 2230 (197TDICHSL EF L L, 4.2.1 b 425 §iTrLTE
VDI 2230 (2003)Z{EIE L7=E T /MIZHONWT, FHFN DM — 2 ORI & %4 FE
FfEI A K 4.2 ICHET 5. BRI, M6 2vH M24 ORIV FT, 4.5 DIR%E 2 K
DIt (44.5X2) &, 3.2 & 9.0 DR EKEOT=H (£3.2+19.0) O ZHAf & — AR
PERDTE—LDOMIHFE Apeqg & E— L DK —IRE— AL N lpeq, R, Al
FEIK Dueq 7 L7c. Ml — 2 OMIMEAZ R DT Aveg & BT ZIKE— X 2 B lpeq
(2B L Cix, VDI 2230 (1977 DHA R F DREITIKFE L TRESELL, FFITED
IS EZ(EIE LT VDI 2230 (2003) 0 6 O X 0 S IEFI/S V. — 07, SR i A8
J5 Dueq 1%, VDI 2230 (197D AN KRE RFEL D Z R0 5. K22 DDORDOIR
JENRKELSERD t3.2+19.0 DGAEIE, 8 2 B CTHILIEA LIZREL ti/t, DHOF
2LV, EIE L7 VDI 2230 (2003)D Dyeg X L W /NEL AL 6N TWD. 4.5
T, D DOET AL O FEE & B A E AT R TR 5.
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Table 4.2 Comparison between stiffness of equivalent beam and equivalent
pressure area of VDI 2230 (1977) and those of modified VDI 2230 (2003)

M6 M8 MIO | M12 | M16 | M20 | M24

= [MPa] 206000 | 206000 | 206000 | 206000 | 206000 | 206000 | 206000

E. [MPa] 206000 | 206000 | 206000 | 206000 | 206000 | 206000 | 206000

d, [mm] 4197 | 6.647| 8376| 10.106| 13.835| 17.294| 20.752

dy [mm] 8.88| 11.63| 14.63| 16.63| 2200| 27.70| 33.25

D; [mm] 660| 9.00| 11.00| 1350| 17.50| 22.00| 26.00

D, [mm] 7000 70.00| 70.00| 70.00| 70.00| 70.00| 70.00

Abeg aorny |[mm°] 51.88 | 8297 | 1283 | 1439 2442| 3631| 5154

VZI;%S 0 lhegaorny | ¥ 210° [mm‘] | 0.3694 | 0.9595| 2.305| 3.338| 9.897| 2355| 4848

Previous | Uegiasrn) |[mm] 8128 | 10.28| 12.78| 1353 17.63| 2150| 2562

study | Aeqzuorny |[mm] 9314 | 11.82| 1472| 1615| 21.19| 2632 | 3152

(45X 2 D weqor7) |[Mm] 1338 | 16.13| 19.13| 21.13| 2650 | 3220 37.75
Modified Ay |[mm?] 2943 | 377.3| 477.4| 5199 7236| 9562 | 1246

VDI 2230 lbeg | *10°[mm'] | 4.140| 7.310| 1280| 17.20| 3800| 75.82| 137.9

(2003) degz  |[mm] 1936 | 21.92| 2465| 2573| 30.35| 34.89| 39.83

Present deg,  |[mm] 17.04 | 1964 | 2260 | 24.33| 29.66| 3525 40.94

study Dye |[mm] 1166 | 14.18| 1699 | 18.88| 24.02| 29.53| 34.93

Abeq oy |[mm°] 5751 | 91.54| 1400| 1586| 267.2| 3953 | 557.7

V(Dllgs%?’ ol beqory | X 10°[mm*] | 0.4316 | 1.093| 2562| 3.720| 10.80| 25.37| 5171

Previous | Ueqiagrn) |[mm] 8557 | 10.80 | 13.35| 1421 | 1844 | 2244| 2665

study | 9eqaaorn |[mm] 9683 | 1222 1511 | 1659 | 21.66| 26.81| 3204

t3.2 D yeq 177y |[mm] 1498 | 17.73| 2073| 22.73| 2810| 33.80| 39.35
+9.0 Modified Apeg  |[mm’] 358.2| 4486 5524 | 602.2| 814.8| 1054 | 1349
VDI 2230 lbeg | X10°[mm'] | 5747 | 9.462| 1566| 20.65| 4326| 83.26| 147.7

(2003) deg;  |[mm] 2136 | 2390 | 26.52| 27.69| 3221| 36.63| 4144

Present deg,  |[mm] 1850 | 20.95| 2376| 2547 | 30.64| 36.09| 4165

study Dyeg  |[mm] 1225 1470 17.44| 1929| 2435| 2079 3513

43 RV M FEREODERERAZLEBHRETIL

ETETFNMAEFEDOZUVEZ AT 572010, BEHERBR 2TV R & ek L. [l
PEICBA L CTRGICFIME CE 2B B E LT, fTBRBICE 2EAMENEEIT- 2.
4.9 \ZRBR IR Z 8T, B ORIEDSR WD E B OEAE— RBBFIC/R->TL
FV, BL MFEREEORIMEZ T 5 Z NN E 2 s, 22T, UFRICH Y i
72 2K D SS400 Hibf %, RV b THERGE T 2 HEiE & Lz IRIE OB LT3 5 7291,
3.2 & t4.5 ORI A ER L7, ISO MEX Sy 4.8 DAL M & HW, M6 706 M24
W2kt L CEHIZ T o 72, RAERIT JISB1001 @ 28k & Lz, 4 7efiift i hia b2 57
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DT, JIS B1083 Gk o JB i BEERAR I 1 w=0.15 D FRRAFfF T v 7 Ty loxt LTHI 0.7
D MV o ThED AT 7.

B 4.9 OFBRAITH LT 4.6 BEUOK 4T IR LEFIETET MELTE DO EK
410 127 . BT MGICIE, £ 4.1 LR 4218 L% B — A DO degr, deg & A
JETH R D — 0 DR S Dyeg & FIV T2

X 4.11 IZHRJE t4.5 ORBR A %2 M10 ALk TREDATIT 72 & T OEAET— RE2RT.
F-—RFLEANVPEZXRELTUFRBRADRLICNDE—FERL, T— F 213480
MR e LIERFFEBIEVOE—RNEZRT. E—F1 LE—F20OBEAEOKREIE,
WESCHRL MRIZIEC T IRELIZ2RICELT D, ZZ2CTlE, BIENEL THDHE
— F1OEAHEZRET 572D, K 4.9 2R L2 LS ITEEHZDO@O@ 0 =&
(ZHCD AT, BORHA 2 FTEINAR U Tl AL 2 E L 7-.

INEEEFHZIE PCB # 353B16 # MV, FT®IEIZIE PCB 81 vy b~
086C03 # 7=, Ml7ET —# % OROS 1 OR2514 IZ TALH L7=. 1 >DORIEITK L
T 8 BTN TE & L L, IEEEZNME T 72T 7L 7 v XL 2 DN
HEZRDZ, E—F1OEAE—FTIE, O~@DIMEEFD S L, WHoOE @0
WAAHE 720, POOQDOINRERIE I OO L @I L T/ha<2d. 32000
WEEEFOIRIE, MAHZ B LT, T— F2HR LN SEAME AL 7-.

Accelometer

M6, M8, M10,

e
"’ M12, M16,
, M20, M24
30 > t3.2,14.5

Fig. 4.9 Test piece and testing method
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4.4 BERER

B 4.12 25K 4.17 12 M12 OBV F THRIDAFTT2RE 4.6 OB/ o7 7215
yxk&ﬁ%%ﬁ:E4ma@kﬂ41mm3i%th77tV?yxme—7%
L, X 4.183 LK 4.17 BT OIREETH+90° £ —90° AN Fhi@EimL TW5.
£7-% 4.15 7»5, 350Hz TOHEDOQDT 7L T 2%, O@IZHXT/HhENWE
EbnmD. LER-T, ZORBRAFOE—F1OEAEIT 350Hz L[AETED.

(1 4.18 725X 4.23 (2 M20 DRV kN THEDATT T2RE 4.5 ORBFEOT 7 2L
VAENMERT. ZOHRE, 7781V T A 380Hz £ 428Hz 12— 7 BAEDL
5. X418 DOEK 4.22 D@D 380Hz & 428Hz DT 7 &L T v AD K E &L
BRETH LN, X 4.20 DQTIEL 380Hz D578 428Hz LW 7 7L T AR/ E W,
F72, K419, K 4.21 £X 4.23 Ziki#g LT, 380Hz TITO & @M #NLFH, 428Hz
TIHO, @, @ONBFEMELR->TWS. L -> T, 380Hz 1IX 4.11(@)DE— K 1,
428Hz 1IX 4.11(@Q)DEF— R2DEFRFEL - TnbHEZExLNE. ZOXH5ITL
T, E—RF1OBEAEZMETLIZENTES.

WIE ¢3.2 DFRER A>Tk M8, M12, M20 O/R /L ~Mxt LT, WE 4.5 DRBRA
IZOWT I M6, M8, M10, M12, M16, M20, M24 O ARV Mot LT, F— F 1 OEA
EREETo T, WEMBREEZK 4.24 17T, ’PLARL MEFRERRELSRDITLE,
FIWRENEL RDIZEEAEREN L0015
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Fig. 4.12 Accelerance result of @ with test piece of #4.5, M12
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Fig. 4.13 Phase result of O with test piece of #4.5, M12
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Fig. 4.14 Accelerance result of @ with test piece of #4.5, M12
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2 0 gy
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Fig. 4.15 Phase result of @ with test piece of 4.5, M12
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Fig. 4.16 Accelerance result of @ with test piece of #4.5, M12
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Fig. 4.17 Phase result of @ with test piece of 4.5, M12
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Fig. 4.18 Accelerance result of @ with test piece of #4.5, M20
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Fig. 4.19 Phase result of @ with test piece of #4.5, M20
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Fig. 4.20 Accelerance result of @ with test piece of #4.5, M20
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Fig. 4.21 Phase result of @ with test piece of #4.5, M20
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Fig. 4.22 Accelerance result of 3 with test piece of #4.5, M20
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Fig. 4.23 Phase result of @ with test piece of #4.5, M20
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—~ 350 |
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o 300 F
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2 200

|
150 F O t4.5 Test result
100 - O 13.2 Testresult

—& t4.5 Analysis result

>0 —4—13.2 Analysis result
0 1 1

10 20
Nominal diameter of bolt, d

Fig. 4.24 Test and analysis results of eigenvalue

4.5 fRITHEER

4.10 (278 L 72 fif#HT £ 7 22T, ANSYS 11.00% W CEMT 247 - 7=, % 4.1
(2R U 72 254 B — A O #h 5 [ AR deqn & HIUTZEAMBE degp, 5 2 OV A 2 A LI D —
DR & Dyeqg DA Z FH U THEAT U 72 [H A B ARAT 5 R 4, 4.24 OfEMEE LTHRL
7o AV FEEO/N S WEECTIRERE X 0 T E O LM<, Rr FEORE W
PR CIX R L 0 AT D F R L @< 7e o TV a s, FEERE & AT IXIZIE —%%
LTWa.

— AT R <DL TV D ARV MR OET ML FiEL, KR THRE LI-ET
MMEFERZ B LZ., EROFEL LT, E—2aBHEZ WIS EEHSICERE SO
HHEZBWERTZ2D 7V 7E2AWTCETMMET S HERS L. Wy 7TV 7%
WTCHRNL MR EET T D2 TIEL LT, 2200HROFRL NHLESED v 7Y
YT L EGD. Wo L2 SOOI EOEAETTh Y 7T D ik,
@WONMEZ HND. HiHE Ml v 7 VU7 (Point coupling), BH&E &My v 7V v
7' (All coupling) EMERZEET D, £, ©H —DODOFELLT, AL F&EMie—
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LAOREMOEd L LT, E—Aiz AL MR EMEEST 2 5L, 37206 S
HiPH Dyeq # NEEDi & T2 HIEWORHNSHIND. T E degi= deqz=0d, Dyeq=D; & "7 Z
LT 5.

M 4.25 12 t4.5 ORI TH -8y TV 7, 2mhy 7V T, BIW
Jeqi=0eqo=d, Dyeq=Di DENTHERZRT. —mEM TR LI —RA v TV v T ORRT
X, 1ROEEE—RFR Iy 7Y T TRFMICALNDE— RTERERRS |,
BAMENIEF IR, —JF, WMTELERRD Y 7V 7 OBA, 2 KO it
A CTHICHESG SR TWD 72D, RV MEB/PNI W E EIXERE LY BEAMES .
"@"FI TR SN D dequ= dege=d, Due=D;i DEMTHERIL, "M'FITRINLHEK 4.1 DET
DIEMNTHE R L OHI TR EN L FEBRE RIS L CEAMEMELS, BICRL MEDOAE
WEZTIFELLEAEMENZ E B0 5.

WIZ, AV NN — A O T NS deqr & BHITFEMMAE degp, 35 I3 OV 22 1]
P Dyeq /37 A—42 L LT, MNTFER~ORBEZREFTS. 9, £ 4.1 D dog, degz,
Dueq @ 9 HEAM B — L FE dogr, deqe DB ZRETT 5. X 4.26 I[ZRE 4.5 DET MIT
K U CHEAM B — LFE degr, degp K 4.1 D 0.5 F5E L72H D (deqr X 0.5, deg2 X0.5) &, 2
FE LIZb D (deqr X2, deqa X 2) DFFMTHERZ RS, "X"FITRIN D FHh e — L8 %
2 fi5 & UToMATRE R, B — Lo mmtEs 4 f5, dhiF &2t v k2 16 5 & IEH
IZKEL 2> TWVDLDIZHL b5, "R'HITREIND#E 4.1 TOMMRER LTI
LWL "FEITTR IS EME — A% 0.5 fF & LT R, KL MRONE
WEZIT'MEITRINDEK 4.1 OETOMHRER LV EAMENMES, A MERK
ENEETFTTFELIRD., LEN->T, Fi—LFITEK 4.1 D degr, dege PL LTI
BT/ NENWEEZOND.

RIZ, & 4.1 D dequ, deqz, Duweq @ 9 B Al E KL Dyeq DR Z T T 5. £ 410D
SN L T FEPH Dueq 1, X 4.1 1278 L2 & D ISHHM O NTHlIZ 35 1T 2 S5l 13-V o £
(dy+0.5litang) & LTRO TN D, K 4.27 ITHRIE 4.5 OF T /W% L T ZE A BE i
PH Dweq 2 /NP Dy E/NE L L2 b D (Dye=Di) &, JEEPEE dy EMfFTES kORI K
EL72b D (Dyeq=dyt1) DENTHRERZTRT. "k "HITEREIIND Dyeg=Di D RIT,
# 4.1 OETOMTRERB L OERER LD 35X TORL MRIZEB W TEAES /N
SV "A'HITR I D Dyeq=dut I DFERIEL, & 4.1 O TOMHTHRE R I L OEBRAE
LV, TTORL MRIZEBWTEAMEARE V. L2y - T, Fffi B H i PH Dyeg
DRI R Z L, SR T2l 3V 0 £ (dy+0.5kktang) FEEN R W &N 00 5.
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o 200 |
.LT_J” 150 | —B— Ueq1, Oego, Dyeq (Tab. 4.1)
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Fig. 4.25 Difference of modeling method
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350
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[
>
$ 200 r
= 150 O Testresult
—B— deq1, deg2, Dyeq (Tab. 4.1)
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Nominal diameter of bolt, d

Fig. 4.26 Effect of equivalent diameter of beam on analysis
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AV DM — A DORMINEE 2 2 To SR & SR P A L X T ARER D, A b
BEO/N S WEEB TSN E — 2 OMIEDEZEN RN DD, R MO KR E WHEERTIX
Sl B — A ORIMED BT NS N ER D, EREE P IE Dyeq= dy+0.5l; tang
ELELONERMERS —HKL, R L0 L EMEREEFED/D SV & EBRIEL Y E
AR, REWVWEEAENESLS R EBDIND.

WIZ, 4.2.6 Hi TR L7z VDI 2230 (197DIZHS T b L, RS CTEELR
VDI 2230 (20031253 < £ T /AL D B 21T 5 . & 4.2 T/ LEEAi B — 2 ORI &
AT PR T HGDH A D CREMT L 72 AE R A X 4.28 1287, 45X 21O W TR R &
A~ L7, VDI 2230 (1977) Clf, /NEWETEHEAMEEKLS, KEWRTIHEAMEE
RELHAED Y, EIE L7z VDI 2230 (200312 T 7 7 7 O = 3K Z . VDI 2230
Q9T D FH N RKBER L MZBWTHEAMZ &< S 2 BmiE, 2 2OWRORIEN K
RN D 3.2469.0 DFATL VRN L3535, EIE L7 VDI 2230 (2003) D
fENTAE R DTN, t4.5X2 ORBERICL VTN b 00D, ZUHDO/REND,
kD VDI 2230 (1977) DAV Mfs A€ 7 M ALFIEICxH LT, EIE L7z VDI 2230
(2003) D PHER LS ETMETETWDLZ R D.

PLEnG, RA41TICRLERNV MVETIEFIEORENT A —203, kb FEBRER L
—HTLHZENGND. Lo T, ANV NFEEZEL TET VL TIEEZBRT LR,
BEORmIDOME ANV NETMMEFIEEBETEEEZ I OND.



4.5 fRHTHE R 111

500
450
400 ;
350 r

o
o
T

Eigenvalue [Hz]
N N w
a1
o

00
O Testresult
150 r
—— deq]_, dqu; Dweq (Tab. 4.1)
100 r %~ Dyug=D,
50 i —A— Dweq:dw+|f
0 L !

0 10 20 30
Nominal diameter of bolt, d

Fig. 4.27 Effect of equivalent pressure area on analysis result

500
450
400 |
= 350 r
L
o 300 r
=
S 250 f
S
o 200 r
150 | X t4.5% 2 Test result
-©-t4.5 X 2 Modified VDI 2230 (2003)
100 [ |-e--14.5%2 VDI 2230 (1977)
50 L =- t4.5+ t9.0 Modified VDI 2230 (2003)
-=--t4.5+19.0 VDI 2230 (1977)
0 1 1
0 10 20 30

Nominal diameter of bolt, d

Fig. 4.28 Comparison between VDI 2230 (1977) and modified VDI 2230 (2003)



112 HAaAE o VEFEL - AEBRIC L AR MNEREIROE S T UL

4.6 S

WA ORI MG ERICH T AV o VEREE—LAEEEH W T UL TFEE
MiatL, L FOfwmas-.

(1)

(2)

(3)

R MR D IS & R | L RS ROREZ Z LT, R b %
U7 b — ABEF O AT degy & S dug % B L 72

Yo VB TE T LIRS TS, B 5 00 Sl A K % 208 L 730
Dueq= 0.5l tang 0 1E 47 1 3 & 7% JA& [ 5l R0k 2 2, e i 5 A b 3 0
BOWHE R & L3R L R — AR 0 W 35 & ONAIR L s
F RN RO T F AL TR RE LT

AL RS RO AR E 2TV, SEBRIE & MRHTIE & bt L T B - ks 1R
DEF LT D T4 A REE L7

4.7 BEXM

(4.1)

(4.2)

(4.3)

(4.4)

(4.5)

(4.6)

Verein Deutscher Ingenieure, VDI-Richtlinien Blatt 1 2230 (2003)
Systematic calculation of high duty bolted joints -Joints with one
cylindrical bolt-, 2003 [B# &&= - )l FE— &R, ®BELQ UK OKE
FRAJFHEE -MRENR— AR L MR-, BARR UBFER 2, 2006].
CYBERNET, HA/ MEfEET V7~ 27 md T I, CAE ObbHE /7 5<
v, 11(2009), 19-20.

Montgomery, J., Methods for Modeling Bolts in the Bolted Joint, ANSYS
2002 Conference, 2002 April.

Rutman, A. and Kogan, J. B., Software takes the load off joint modeling,
Machine Design, T0-6(1998), 79-82.

Rutman, A., Boshers, B., Pearce, L. and Parady, J., Fastener Modeling for
Joining Parts Modeled by Shell and Solid Elements, 2007 Americas
Virtual Product Development Conference, 2007 Octorber, Detroit, MI.
Kim, J. G., Park, S. S., Choi, S. H. and Kim, B. K., Finite Element
Modelling and Experimental Verification of the Structures with Bolted

Wl
%4

Joints, 7ransactions of the Korea Society of Mechanical Engineers,



4.7 BHEILHEkR 113

(4.7)
(4.8)

(4.9)

(4.10)

(4.11)

(4.12)

(4.13)

(4.14)

(4.15)

(4.16)

(4.17)

(4.18)

20-6(1996), 1854-1861.

A 52, UKk OB &G, #ER, 1997.

Hanau, A., Zum Krafteinleitungsfaktor bei der Berechnung von
Schraubenvergindungen, Konstruktion, 46(1994), 99-106.

SRR OIERE - BH N, Bl AT o ARMAEME, B AR S
CEE, 34-259, 388-402.

SRR IEKE - BH O\, @A AT L ARMGERE G8 2 %), AW
NEZTLHE5E) , BAEETF S CHE, 36-282, 168-176.

SRR IEHE - BHE I\, A MRESEIZB T D9 o X R EREIZ O
T (BHEAV MK DHEMT) , AR WmICE, 37-297, 1033-1039.
PWBAT - =EWR FW, BRI B, RUMSEONNREOEE R RO S
(BHERE RN T 4 =7 7 P OHE) , AABBEYESmCE (C W)
48-432(1982), 1200-1208.

W BT - BA 2, RUMEEONIMRE ORI RD T (kA5 R
MEZ 7 PBIOEZ 7 o P05E) , AAKRT=mCE (C W)
48-434(1982), 1598-1606.

R BAT, UK EON R, BARUCIIZESREE, 19-11(1988),
363-371

A B —5, R O®IT, A W, UM EONIRE (K
wimG RN ZEM R OSE) , A2 CE, 42-359, 2174-2184.
IR BT, R UREREIR DN IMRE O G5 RiE (AR 5064 25 dilh e 7R 5|
WA N EZTHHRBOLE) , AAKKERRCE (C W) , 48-428,
622-625.

IR ETR - HAR OB, SR UMELZIT 2R LRI IT 2 AN &R
DEILR, AR CE (CHW) , 48-428, 1072-1078.

R AT - IR B e ARES BOHE, =R L E—LERE TR
MfE O S T 7T AL TE L mEFN (G518 7 Wb TiE) , BAK
W SCE (AfR) , 73-728(2007), 522-528 [Naruse, T., Kawasaki, T.
and Hattori, T., Simple Modelling and Strength Evaluation Methods for
Bolt Joints Using Shell Elements and Beam Elements (1st Report,

P

Modelling Method), Journal of Computational Science and Technology, 3-1
(2009), 22-33].



114 HAaAE o VEFEL - AEBRIC L AR MNEREIROE S T UL

(4.19) Roétscher, F., Die Maschinenelemente, Beilin, Julius Springer, 1927.



PFE5E KRIL FFREAEDOTE ST TILEN
Z Aok EE ST R %

5.1 #&§8

AIEICEBWT, WM ORIV MEBEERICRH LT, YoV EREE—AEZLZHW
TG AN N ET MMEFIEEZBE L. Z0FT MEFIEZ, R MEEEO %3
EEELOOHEME —AMIEZRELTEY, fSHRET AL THY RBLIFEED RN
HLOTHD. ZORNMEREEROEGET VEHRND Z LT, ZEOKRL L THiRE S
NI EED Z DR WETRARMTHITL, BERSFHMTLIZENARTHLIEEZD
na.

ZE DRI N TR SN EDE RN T 27200 LB ERET VILTFIEE L
T, 2 O0BMOREMEEER CTHEAT 2 HIELGD, EMXhCE — 2% HW 2 fiE
WFRENMEREINTWAHE6D-6H = 5D FiEIL, B E ORI RICKd 2 E
IZOWVWTIEBRFTINTNDH LD H LD, HFBONTREERN LRV NARTITRT 250 E
PR T IE S HME TRV, 22T, SR — A TR MEBT E ST T L
L, ZOEFAERWTEI LIRS LT, A b ok, JE95akE, s
TR ZFHMTELFERILELEZLNLD.

KRBT, BIFE TR LR MG T T VORI U CRERD MR )5
E6O~-CI2ZMH L, i ET /L TH Y RN LARN N OREFMHFIENESIITZ DT
LakRT. KRFREZEAT 22280, WERAHETH > 72h L MES T T ISt
T HMEFMA ATRE L 72 D .



116 556 F AL M RO 5 T AN 2 OO SR EE R TRA

5.2 RIL - FEEEER D58 B BT %

52.1 RIL FEEETIL

LItk ORREFIM D=, 4.2 B CTHE LR MiEET L 2 LD 5. R b
RS OET VAR 5.1 IR T . RETILFIETIE, AL NS & S0 7 /M %
FEOSAM ©— 2 & V-, HffS B4 U 00 M BRI AT A T R A gk T T DL X 5.2
[ZAV MRS ORI &2 R T, KT IR IR FFE S REETIX, AV NE S
& 5.2 DK TR LIc S ROEMEMETHPBEIND. £ 2 THRL M
A ARV N &R ERE R OMIMEOFI TR SN D MR & B 2, RV MRS A R 9%
fili &5 — 2 il 5 i, R, BEXRCEIEZLLTO X S5 IZHRE L.

AL oG EZ RS2 7T A7 A8, %2, VDI 2230 (2003)6-90 K.(4.1)I1
BV, LT Xy ickoi-.
0.5d I I, 0.5d 0.4d

+ + + +

5, =
E,%d> E” .
4

T T (5.1)
~d? Ebzdg Ebzd32 Ebzd2

g

T, dIEFEOE, da IXAREE, dg 13X 5.2 ISR T HREE O, EyidA L oY S
F, g XM 5.2 IR THFEHOR S, It THEoR LR EERT.

R holiFHIEEZZDbTHTFa 77470280, KRG DO TI7A4T A
EFRARICIERRDESFE S L B XD,

0.5d 1, 1, 0.5d 0.4d
ﬁb:E”d“JrE ”d4+E”d4+E ”d4+E 7 g (5.2
® 64 64 % B4 B4 "p4

E 72, BRERE R O SN AR AR OMIMEL, VDI 2230 (2003) TH D S 42 F Al T\
FETLE 25 HICTHRLEBOEMNSD. M 5.2 ([TRTEMITWIEOEMA I,
RE IR LIZRATRO LN D.

|
tan g = 0.323 +0.032 In| —— |+ 0.153 In| Be
2d d

w

w

(5.3)
+0.0717 In [tt—lj 7L t<t)

2



5.2 TRV MRERETES 0O 50 EE R A 117

Equivalent pressure area

Shell element Equivalent beam element

Fig. 5.1 Equivalent model of bolt joints
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Fig. 5.2 Structure and model of bolt joints
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Fig. 5.3 Forces and moments of equivalent beam element of bolt
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Table 5.1 Tensile strength and yield strength of bolt material

Material property ISO grade
48| 6.8 8.8 10.9] 129
d<=16 |d>16
Tensile strength Ry, min ~ [MPa] 420( 600 800| 830 1040 1220
Yield strength R [MPa] 340| 480
0.2% proof strength R, , [MPa] 640 660( 940( 1100
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Table 5.2 Fatigue strength of bolt, &, (5-® [MPal

Nominal ISO grade

designation 4.8 6.8 8.8 10.9 12.9
M6 81 56 64 78 81
M8 61 49 59 72 76
M10 52 45 55 69 72
M12 48 43 53 67 71
M16 42 39 49 62 66
M20 39 37 46 61 65
M24 37 36 45 69 63
M30 24 34 43 57 61
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Table 5.3 Allowable pressure on bearing surface, p 69

Material .
- - Tensile | Allowable
Equivalent material
Type German standard IS strength | pressure
Low carbon steel St 37 S10C 370 260
Medium carbon steel St 50 S30C 500 420
. C 45 S45C 800 700
Low-alloy tempering steel
42 CrMo 4 SCM440 1000 850
Austenitic CrNi steels x5 CrNiMo 1810 SUS316 500~700 210
GG 15 FC150 150 600
. GG 25 FC250 250 800
Cast iron
GG 35 FC350 350 900
GG 40 - 400 1100
: GDMQgAI 9 MC2 300(200) | 220(140)
Magnesium alloys
GKMgAI 9 200(300) | 140(220)
Cast aluminium alloy GKAISi6 Cu 4 AC2B - 200
- Al99 A1200 160 140
Aluminium alloy
AlZnMgCu 1.5 A7075 450 370
FRP - - - 120~140
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L. KT DO~NTEDICE AT E Fold, ~720 & f, LN ERe, BLOK(5.5)
TEREINDIPHGEEEDa L T34 T R6 20T, UFTDXrickddbhns.

Ly
0,

c

F,= (5.44)
~T2 DB LIS, EROICRDONTEFESNS O REINTNL60 612 =
T, MO LEEAPT R & L TR® 5105 VDI 2230 (2003)6:0 0 % #(5.45) 12
7. (B4R TH LN D HIZum HAL TH 570, X(5.449)DHNLRICEDE D M
N 5.
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| 0.34
f = 3.29[5] (zm) (5.45)

IS DAV X DR IR TIX, 5.2.5 S04~ 0 G4 o 9 KA T ) o
B Fimin & (Fimin—F) CEEE T Z & TS L 5.

WAZEAVEZ X DAt HEALIC O TR D, Rov b & ks (R o SRR 5
720, R MEREEOIRENZCT 256, A/ Ml OBZEE I K o THift
TR ENTH. 5218 TRLIEY 2 VEFEE—LABEEEZHWET MEEIT S
B, Yo VBEROEHNTOAEITARERMH CIMET 5 Z L BFARETH L. L
Lems, Y /VEFEORETROBERITFMT 5 LN TEX W, LERosT,
PLTFICRTHIBEC LER - T, BVERICLDHM4T HELEZ MG T 20BN D 5.

RV R BRSO EREIEZ N TN @, a kT 5. £z, BB &R T
ZNENOREECE A, At & T 5. KifH T TOBRERIZ L DK T & Fuld, K(5.8)
TERINDA RO KRGS TRINLIYHMBEERDO LT T4 T R, BIOKHE
MHFFES KZAVTkTERENS.

(7))
F.= _(abAtb —o At )If (5.46)
5C
BB X DR IR T Fpold, 5.2.3 FRAVSREEZEM, 5.2.4 % 97 R EEFEAL, 5.2.5 9
A0 G S & ON B FE R 1 R v ARG LS B T, dih T B4k J1 DTE OW, E (DWWa - Fp) & B X
HIZ & TiMMisns.
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5.3 SE{EH

5.3.1 f@ETIL

FRTR A REAM A, K 5.4 1R T BARR A EWICHEMA L THIPAT 5.
I OWITHT 72 3 DO 2 H Bk A, TNENOR R %E M12 AV b, H L
<IEM16 Ak 4 RCTHEELIZEEMEZZ D, HERASEMEE LT, WODhE % &
ELCHRICHELZARMT D, T T VT FE2 ZE L TX 5.5 1273 X9 7% 1/2
7L L, ANSYS 11.0®0% W CHENT L7z, AL ML, 5.2.1 Hi Tk ~7=F
EEHWCET ML L., ETUEOTOICE, K 5.2 (IR Lok D,
ERETODLEND D, AL bR ERM G & ORBECAR L MR AL, X 5.4
IR T REE I BV TIE ARV R 38mm Wi/IMETH 5720, #HFERS RIS D,
Z 38mm & L7-. RN RO N RS2 5 X 912, Rv hodldrmz x fl g7 &
—HIHETW5.

Fig. 5.4 Example of bolted joint structure



130 B HE ARV MEREIROM S T VRN &2 TS8R R T

X, z fixed

Shell element
E=206GPa, v=0.3, t4.5

Equivalent model
M12 | M16 | Jequleqe
dogy | 24.16|28.73
dege | 23.18 | 28.48
Dyeq | 18.46 | 23.60

|
v Part 1

Fig. 5.5 Analysis model of example

5.3.2 FHM&ER

X 5.6 12 M12 AV NOETVOEFRME I —BAMYIS N oA % RT. 5B 123 x
FrNZizbie & HIZ, yiEI Y (CEEEL TWAD Z &R 5005. ¥ 5.7 12 M12 AL b
DETNMIEBIT D, No.l b Nod D4 DDHRNL NEME— AITMb A HEF, F,O
fRMTAE R A RT. R5AICFERKICKRDODONDMEF, L E—A Lk My, My, M, 777",
FEGMICEE Lo2>, X518 L R(B.2DVITHE - Tl W, TAM A W, T
— A MM, BEXORULY M7 TERODEZLOLFES54IT/R LT, £ 5.5121%, M16
RV hDOETIATEIT LRV N ORFESHE R
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[MPa]
—
100

Fig. 5.6 Deformation and von Mises stress distribution of M12 bolts model

406N

(b) Fy

Fig. 5.7 Load distribution of analysis result of M12 bolts
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Table 5.4 Load distribution of M12 bolts

No. of bolt No. 1 No. 2 No. 3 No. 4

F, [N] -406 -80 -75 -419
F, [N] 1474 -1,780 2,594 -2,287
F, [N] -165 23 12 130
M, [N-mm] 26581 19,498 -31,389 -35,965
M, [N-mm] -4,723 1,635 1,738 -4,932
M, [N-mm] -10,614 8,185 10,191 -12,764
W, [N] 406 80 -75 -419
W, [N] 1474 1,780 2,594 2,287
M [N=mm] 11,617 8,347 10,338 13,684
T [N=mm] 26,581 | 19,498 31,389 35,965

Table 5.5 Load distribution of M16 bolts

No. of bolt No. 1 No. 2 No. 3 No. 4

F [N] -410 -74 -42 -453
F, [N] 1,390 | -1,662 2,462 -2,190
F, [N] -127 -18 69 76
M, [N-mm] 33231 | 20,772| -36066| -43840
M, [N=mm] 4712 1,974 2,604 -4,318
M, [N-mm] 12472 | 8357 10,004 |  -14,551
Wa [N] 410 74 -42 -453
W, [N] 1,390 | 1,662 2,462 2,190
M [N-mm] 13,333 | 8,587 10,337 15,178
T [N-mm] 33231 | 20,772 36,066 43,840
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# 5.4 2% 55705, No.l2»b No.d D x O E I 2 HHIC 1/4 oA
THDLITTIEHARL, 4250FR )V EPEHICHWESIHLTNDZ ERNDND. £y F
4 B IC DWW CiE, No.l & No.2, No.3 & No.4 TZNEHW 7o E AR L,
BRELTRMNB O ER>TWVD., E—RA L K M, My, M, IZ2 W T L EMEICHTEZ 5y
HLTBY, ThbDHNE2TTOOVEVOALTES ZEIIRETHL. 20 &
bb, BEORNL N THRIRE SN DWIEW Z T 5 1T, KR TR LAV M
DETIAUNENTHDL ZENn0D.

# 5.4 LEB5 IR LA BATEINTZRNL M LT, 523805 5.2.6 HilZ
R U7 BROOTREETEAR, 9% 57 REEREAG, 0 ER. 72 0 BRI, 3 K OVEE T vk &
S TR 24T o 7. il L CHE G MM E W, DR E WV No.l ARV R &, A MATE
W, DK X No.3 A/L hOFEMiRE R %, £ 5.6 &K 5.7127-7. M12 AL M2 ISO
Xy 4.8 L 8.8 &2, M16 AR/ ML 4.8 DL D& AW, Wik iARix SS400 1
MOMRFEME L, BEHOFAETEILR 5.3 DIKERFHDO H D% H .

WIREAE T by 20, JIS 1083 IRk S 40T D JE T BE R AR £k 14,=0.15 D & & D%
REEAHT RV Ty lZk LT 0.6 fEDMEE Lz, F£7o, BEEmEEERAE L &7 Uk
Bfu =N 0.15 £ LT, X(5.23)5 ML 7R K i M12 OH4 K=0.196,
M16 O%E K=0.194 LB/ 57z, FIGA T 5 Foix(5.22) 2 v Tk, Ki(5.25)
& HX(B.26) 1TV m=£15% DXL X 2B JE L. 7o, X((5.49)7 5 K(5.46)11E 0,
~T2 0 L Bl K T (Preload loss) 2 =R @ 7. EMR SR, TR 97 MR, 30
FEAM, B X OVEmMRICH T DI R T ORTCRTLEERE LTORL, ERUEESS
TARMEICHTHREL L TERLTWNDS.

ISO BEX Sy 4.8 D M12 RV b & Wiz & &%, £ 5.6 L& 5.7 DJKEGOHTRT
LI, TRVICHTHILEEREN 10T ERD. TAK I W IZHZ bd, 735
AREMENR B D Z L% IS0 X 5y 8.8 D M12 7R/L k& W5 & G )
ZRELTEDLW, FEEB X OB IRHEOFER N2 RETLHILENTED.
L7 > T, % 5.6 D No.1 D ISO IREXSy 8.8 D M12 A/L b Tik, X0 IZx9 5
HRFEZ 10 LV RESTELZ L0 D.

—J, ISO XSy 8.8 D M12 AA/N M & Wiz & &1, No.1 A/ k& No.3 Rv
N & b R MRS RT T DR RN 1.0 LT & 72 5. BERERE RS R i 2 5
T, BEEAKRELSBHEERETHZ LN TPHIEINS. Lz >T M12 RV h&E A
DA, WRERBEROMEZ L0 BRSO BE M EHIER T 20, KEBEOVEAR L
EFROCCTHEEOHTEZE TS ELILERS L END0D.
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Table 5.6 Strength evaluation No.1 (1/3)

Name of parameter Symbol Dimension |Input and output
Nominal designation d [mm] 12 16
Thread pitch diameter d, [mm] 10.863 14.701
Thread root diameter ds [mm] 10.106 13.835
Hole diameter D; [mm] 13.5 17.5
Outer bearing diameter dy [mm] 16.63 22
Thread pitch P [mm] 1.75 2
Flank angle of thread a [°] 30 30
Outer diameter of clamped D, [mm] 38 38
plate
Friction coefficient of bearing L 015 015
surface
Friction coefficient of thread s 0.15 0.15
Friction coefficient of s 0.15 015
clamped plates

=1 ) . |Nut factor K 0.1961 0.1924

2 | Dimension

= Young's modulus of bolt Ep [MPa] 206000 206000
ISO grade 4.8 8.8 4.8
Yield strength of bolt material Oty [MPa] 340 640 340
Fatigue strength of bolt Ok [MPa] 48 53 48
Yield tightening torque
(JIS B 1082) Ty [N=mm] 52.7 99.2 131
R.atIO gf tlghFenmg torque and 05 05 05
yield tightening torque
Tightening torque T [N=mm] 26350| 49600 65500
Preload F¢ [N] 11200 | 21080 27850
Maximum preload F fmax [N] 12880 | 24240 32030
M inimum preload F tmin [N] 9520 | 17920 23670
Young's modulus of plate E. [MPa3] 206000 206000
Thickness of plate 1 ty [mm] 4.5 4.5
Thickness of plate 2 t, [mm] 4.5 45
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Table 5.6 Strength evaluation No.1 (2/3)
Name of parameter Symbol Dimension |Input and output
Axial load W, [N] 406 410
E] Load Shear force W [N] 1474 1390
= Bending moment M [N-mm] 11617 13333
Torque T [N-mm] 26581 33231
Tan.gent of helix angle of tang 0.4076 0.3558
equivalent cone
Outer diameter of equivalent D scr [mm] 20.30 2520
cone
Compliance of bolt Op [mm/N] 1.371E-06| 8.966E-07
Compliance of clamped 5, [mm/N] 3.711E-07| 2.280E-07
plates
Bending compliance of s /N 1.210E-07| 8.456E-08
cylinder with D o6 and D ; ot [ ] ' e
. Load factor @ 0.2130 0.2028
Stiffness —
calculation |Modified load factor @, 0.06947 | 0.07519
Bending compliance of bolt B [rad/N-mm] 1.937E-07( 6.762E-08
Bending compliance of
Be [rad/N = mm] 1.123E-08| 4.203E-09
= clamped plates
= Bending compliance of
. 3.259E-09]| 1. -
S cylinder with D o6, and D P [rad/N=mm] 1.437E-09
Load factor for bending @, 0.05480 0.05852
moment
M Od.lfled load factor for ® 4o 0.01590 0.02001
bending moment
Area of equivalent beam Abeq [mm?] 458.6 648.1
Eg:(r)nnd moment of equivalent leq [mm] 14183 32290
Stiffness of Diamater of -
equivalent |- 'ameter orareao deqr [mm] 24.16 28.73
beam equivalent beam
Diameter of second moment
23.18 .
of equivalent beam Deq2 [mm] 28.48
Equivalent pressure area D yeq [mm] 18.46 23.60
Permanent deformation of
2.9830 :
Preload loss [bearing surface f. [um] 2.9830
Preload loss F,. [N] 1712 2652
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Table 5.6 Strength evaluation No.1 (3/3)
Name of parameter Symbol Dimension |Input and output
Axial stress due to preload Ofmax [MPa] 149 281 200
Shear stress due to preload Tfmax [MPa] 69 131 89
Axial stress due to applied
0.326 .
load W, on [MPq] 0.193
Shear stress due to applied e [MPa] 1.868 1166
torque T
Stress Axm;stntess \a/\\t/ thread root o [MPa] 0.351 0.205
calculation Zte? I ueto ah 5
xial stress at thread root
! 1.823 .
area due to M I [MPa] 1.026
Equivalent stress due to oo [MPa] 192 361 253
preload
Equivalent stress due to
preload and applied load Te2 [MPa] 194 363 255
Stress amplitude Oa [MPa] 11 0.6
Safety factor for o, Obyl Oc1 1.77 1.78 1.34
Evaluation |Safety factor for o, Oby! e 175 176 1.33
w | forstress [safety factor for fatigue
>
2 strength owk! 4 4466 | 49.32 78.75
®) Statl.c frictional force on F. IN] 1175 | 2435 3157
bearing surface
Static frictional force on F. IN] 1115 | 2375 3096
clamped plates
Evaluation |Safety factor for slip on
forslip  |bearing surface by W FulWs 080 165 221
Safety factor for slip on E A 0.76 L61 593
clamped plates by W e ' ' '
Safety factor for slip on
clamped plates by T F D an/2/T 0.76 1.57 2.05
Pressure due to preload F tmax/Aw [MPa] 174 327 229
Fimaxt @ W
Pressure duetopreloadand | (Pt P0l) ey 174|328 230
Evaluation plf m o W
for bearing A t(:wat e pl)ressure (for low oL [MPa] 260 260
surface gz:‘ ?n :tete : ?5400) 5
ety factor for pressure due
ressure
p to preload P LA W/F tmax 1.50 0.79 1.13
Ayl
Safety factor for prgssure due pPLAw 1.49 0.79 113
to preload and applied load | (Fnaxt @ W o)
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Table 5.7 Strength evaluation No.3 (1/3)

Name of parameter Symbol Dimension |Input and output
Nominal designation d [mm] 12 16
Thread pitch diameter d, [mm] 10.863 14.701
Thread root diameter ds [mm] 10.106 13.835
Hole diameter D; [mm] 135 17.5
Outer bearing diameter dy [mm] 16.63 22
Thread pitch P [mm] 1.75 2
Flank angle of thread a [°] 30 30
Outer diameter of clamped D, [mm] 38 38
plate
Friction coefficient of bearing L 015 015
surface
Friction coefficient of thread s 0.15 0.15
Friction coefficient of s 015 015
clamped plates

5 ) . |Nut factor K 0.1961 0.1924

2 | Dimension

= Young's modulus of bolt Ep [MPa] 206000 206000
ISO grade 4.8 8.8 4.8
Yield strength of bolt material Oty [MPa] 340 640 340
Fatigue strength of bolt Owk [MPa] 48 53 48
Yield tightening torque .
(JIS B 1082) Ty [N=mm] 52.7 99.2 131
Rfatlo gf tlghFenmg torque and 05 05 05
yield tightening torque
Tightening torque T [N=mm] 26350 49600 65500
Preload Fy [N] 11200 | 21080 27850
M aximum preload F fmax [N] 12880 | 24240 32030
Minimum preload F tmin [N] 9520 | 17920 23670
Young's modulus of plate E. [MPa] 206000 206000
Thickness of plate 1 ty [mm] 45 4.5
Thickness of plate 2 t, [mm] 45 4.5
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Table 5.7 Strength evaluation No.3 (2/3)
Name of parameter Symbol Dimension |Input and output
Axial load W, [N] -75 42
é Load Shear force W [N] 2504 2462
= Bending moment M [N+mm] 10338 10337
Torque T [N-mm] 31389 36066
Tan_gent of helix angle of tang 0.4076 0.3558
equivalent cone
Outer diameter of equivalent D hcr [mm] 20.30 25 20
cone '
Compliance of bolt Op [mm/N] 1.371E-06| 8.966E-07
Compliance of clamped 5, [mm/N] 3.711E-07| 2280E-07
plates
Bending comp liance of s N 1210E-07| 8.456E-08
cylinder with D o, and D ; o [mm/N] ' '
Stiffness Load factor D 0.2130 0.2028
calculation 1M odified load factor D, 0.06947 0.07519
Bending comp liance of bolt B [rad/N-mm] 1.937E-07( 6.762E-08
Bending compliance of
Be [rad/N -mm] 1.123E-08( 4.203E-09
= clamped plates
= Bending compliance of
. 3.259E-09| 1. -
8 cylinder with D o, and D ; Pa [rad/N=mm] 1437809
Load factor for bending ®, 0.05480 0.05852
moment
M od_lfled load factor for ® 4 0.01590 0.02001
bending moment
Area of equivalent beam Abeq [mm?] 458.6 648.1
E{eezz]nd moment of equivalent Lo [mm] 14183 32290
Stiffness of Diameter of r
equivalent |a_me erotareao deq1 [mm] 24.16 28.73
beam equivalent beam
Diameter of second moment
23.18 .
of equivalent beam Uego [mm] 28.48
Equivalent pressure area D yeq [mm] 18.46 23.60
Permanent deformation of
2.9830 .
Preload loss [bearing surface f- [um] 2.9830
Preload loss F,i [N] 1712 2652




to preload and applied load

(Ffmax+ D nW a)
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Table 5.7 Strength evaluation No.3 (3/3)
Name of parameter Symbol Dimension |Input and output
Axial stress due to preload Otmax [MPaq] 149 281 200
Shear stress due to preload Tfmax [MPaq] 69 131 89
Axial stress due to applied
-0.060 -0.
load W, on [MPa] 0.020
Shear stress due to applied r [MPa] 2206 1.265
torque T
Stress Ama:jstn:ss S\II thread root o (MPa] -0.065 0.091
calculation ie‘?‘ I ueto ah 5
xial stress at thread root
' 1.622
area due to M Ib [MPa] 0.796
Equivalent stress due to oo [MPa] 192 361 253
preload
Equivalent stress due to
preload and applied load T2 [MPa] 194 363 255
Stress amplitude Ca [MPaq] 0.8 0.4
Safety factor for o, Oyl Oe1 1.77 1.78 1.34
Evaluation |Safety factor for o, Oyl Oe2 1.75| 176 1.33
+ | forstress [safety factor for fatigue
>
2 strength ow! o4 57.05| 62.99 117.70
'®) Statl_c frictional force on F, IN] 1170 | 2430 3152
bearing surface
Static frictional force on F. IN] 1182 2442 3159
clamped plates
Evaluation |Safety factor for slip on
forslip  [bearing surface by W FulWs 0451 094 128
Safety factor for slip on EW 0.46 0.94 198
clamped plates by W s ' ' '
Safety factor for slip on
clamped plates by T F D anf2IT 0.64 1.33 1.89
Pressure due to preload Fimax/Aw [MPa] 174 327 229
Ftmaxt @ nW
:res;;:elcc)j:de topreload and | ( fmax/A nWa) [MPa] 174 307 299
Evaluation pp LJ
for bearing Alltc))wable pl)ressure (for low oL [MPa] 260 260
surface ga:c Sn :tete : ?8400) 5
afety factor for pressure due
ressure
p to preload P LA W/F tmax 1.50 0.79 1.13
Ayl
Safety factor for pressure due PLAwW 150 0.79 113
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