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Fig. 2.1: Balance of forces in the case of lifting an object.
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tan o’ = tan o cos 3 (2.6)
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Fig. 2.2: Developed force and torque just after tightening nut.
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Fig. 2.3: Finite element model for tightening a fastener (1/4 of nut and fastened plate
are removed in this figure).
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(a) rotation angle 4.9°, tightening torque (b) rotation angle 9.8°, tightening torque
32.8N-m, fastening force 12.0kN 66.6N-m, fastening force 24.2kN

(c) rotation angle 14.8°, tightening torque (d) rotation angle 19.7°, tightening torque
102.6N-m, fastening force 36.5kN 143.0N-m, fastening force 49.2kN

(e) rotation angle 24.6°, tightening torque (f) after deleting tightening torque from
187.8N-m, fastening force 62.3kN the state (e)

=500 =211.111 77.778 366,667 655.556
-355_ 556 -66.667 222.222 511.111 s00

Fig. 2.4: Axial stress by tightening nut when thread surface friction coefficient is 0.15
and nut bearing surface friction coefficient is 0.15.
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(a) the case of thread surface friction coefficient 0.15.
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(b) the case of nut bearing surface friction coefficient 0.15.

Fig. 2.5: Share rates of fastening force at rotational angle 24.6° ((thread surface friction
coefficient, nut bearing surface friction coefficient) in the figure).
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Fig. 2.6: Share rates of fastening force on the 1st pitch and 5th pitch.
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(c) the case of thread surface friction coefficient 0.20

Fig. 2.7: Relation between fastening force and tightening torque ((thread surface friction
coefficient, nut bearing surface friction coefficient) in the figure).
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Fig. 2.8: Expected pressure distribution on nut bearing surface .
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(a) rotational angle 4.9°, tightening torque (b) rotational angle 9.8°, tightening torque
32.8N-m, fastening force 12.0kN 66.6N-m, fastening force 24.2kN

')

(c) rotational angle 14.8°, tightening (d) rotational angle 19.7°, tightening
torque 102.6N-m, fastening force 36.5kN torque 143.0N-m, fastening force 49.2kN

(e) rotational angle 24.6°, tightening (f) after deleting tightening torque from
torque 187.8N-m, fastening force 62.3kN the state (e)
S =
o 108.222 216.4494 324.667 432 .889
54.111 162.333 270.556 378.778 487

Fig. 2.9: Pressure distribution on nut bearing suface when thread surface friction coeffi-
cient is 0.15 and nut bearing surface friction coefficient is 0.15.
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2.5.2
Fig.2.4

Table 2.2
24.58°

>

Table 2.3

v

Table 2.1

Table 2.1: Reduction of fastening force [KN] after deleting tightening torque.

Nut Bearing Surface Friction Coeflicient

0.10 0.15 0.20

Thread Surface 0.10 | 0.33 0.19 0.17
Friction Coefficient 0.15 [ 0.38 0.20 0.13
0.20 | 0.35 0.25 0.16

Table 2.2: Loosening nut rotation angle [deg.] after deleting tightening torque.

Nut Bearing Surface Friction Coeflicient

0.10 0.15 0.20

Thread Surface 0.10 | 0.08 0.06 0.06
Friction Coefficient 0.15 [ 0.18 0.10 0.08
0.20 | 0.33 0.17 0.10

24



Table 2.3: Tortion angle at the tip of bolt.

(a) at rotation angle 24.6°

Nut Bearing Surface Friction Coefficient
0.10 0.15 0.20
Thread Surface 0.10 | 0.42 0.43 0.43
Friction Coefficient 0.15 | 0.58 0.58 0.58
0.20 | 0.74 0.74 0.73

(b) after deleting tightening torque

Nut Bearing Surface Friction Coeflicient
0.10 0.15 0.20
Thread Surface 0.10 | 0.31 0.32 0.32
Friction Coefficient 0.15 | 0.36 0.45 0.46
0.20 | 0.37 0.52 0.58

2.6

)

)

0.10
0.6%
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Fig. 3.1: A test apparatus for transverse vibration proposed by Yamamoto et al.[12].
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Fig. 3.2: Bolt nut specimen used in the experiment by Yamamoto et al.[12].
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(b) deflection by transverse load

Fig. 3.3: Resolution of limit transverse displacement to avoid loosening by transeverse

load[13].
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3.4

Fig.3.4
M10 3 912
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to £0.3mm L
displacement
in x direction
=12
surface nodes bolt
constrained in =12
v and z direction LY, Y
KPR
NiVav Vi m=7.35

all external nodes
completely constrained

nut

0.3

Fig. 3.4: Finite element model for loosening caused by dynamic transverse load.
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3.5

Fig.3.5
+X
—X
(a) after developing fastening force (b) after 1 cycle
(c) after 2 cycles (d) after 3 cycles
(e) after 4 cycles (f) after 5 cycles
| Eemmees——  ——
-1 -.011111 .077778 166667 . 255556
=.085586 033333 .lzzgzz 211111 -

Fig. 3.5: History of loosening rotation of nut during 5 cycles of transverse load.
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faTATATAY
=ZUUV

transverse displacement [mm] transverse displacement [mm]

(a) FEM result (b) experiment result by Yamamoto et al.

.

Fig. 3.6: Hysterisis loops of transverse displacement and transverse load.

34



Eb gb 1.2
<, = |
L 2
2 0 =
< <
£ 06 kS
= =
2 04 o
g g
= & = 02
05 -03 01 01 03 05 05 03 -01 01 03 05
transverse displacement [mm)] transverse displacement [mm]
(a) FEM result (b) experiment result by Yamamoto et al.
Fig. 3.7: Loosening angle.
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Fig. 3.8: Reduction of axial force.
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Fig. 3.10: Bolt bearing surface transverse displacement.
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Fig. 3.11: Rotation angles at three points along bolt axis.
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4.1

JIS B 1056
Fig.4.1
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Fig. 4.1: A photo of Super Slit Nut.
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4.2

4.2.1
2.3
Fig.4.2(a)
M16 8.5mm
Imm
2
2
1/3mm 1
120°
205GPa
790MPa 2.7GPa
0.9mm Fig.4.2(b)
(a) front view and internal thread (b) finite element model after 0.9mm

before deformation displacement on top surface

Fig. 4.2: Finite element model of Super Slit Nut.
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4.2.2

Fig.4.3
0.10 0.15 0.20
0.15
0.15
0.15 1 Fig.4.4
1
§ 300 ——FEM =0.20
o X Experiment H=0.
& #=0.15
S 200
'S 100
=
o
£ 0
0 20 40 60

Fastening Force [kN]

Fig. 4.3: Relation between fastening force and tightening torque with experiment result.

250
—e— Super Slit Nut
E 200 —s— Hexagonal Nut
Y
=
g 150
o
=
2 100
g
5 s0
2
0
0 20 40 60

Fastening Force [kN]

Fig. 4.4: Comparison of tightening torque between Super Slit Nut and hexagonal nut
when friction coefficient is 0.15.

44



4.2.3

Fig.4.5

60 SSN loaded surface
—e— SSN the other surface

—— hexagonal nut
40

20

>
*
*

thread surface contact force [kN]

fastening force [kN]

Fig. 4.5: Thread surface contact force on the loaded surface and the other surface of
Super Slit Nut.

2.4.2 1 1 2
5mm 24.6°
Fig.4.6 Fig.2.5 1 0.15
1 4 5
1
3 1 26% 28%
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1 15% 1
0.15
1 5 Fig.4.7
1
1 1
T 30
o
= 25 *
2 LS "
£
S 20 X
3 ¢ SSN 1£=0.10 X % X
e m SSN 1 =0.15
~ 15 .
& 4 SSN 1=0.20 L
g _
X Hexagonal Nut ¢£=0.15
% 10 g »
1 2 3 4 5

Pitch Number from Nut Bearing Surface

Fig. 4.6: Share rates of contact force on the loaded surface of Super Slit Nut at rotation
angle 24.6°.

30

25 *
* « 1st Pitch
20 L] m 5th Pitch

15 . n

Share Rate of contact force [%]

10 After

0.0 4.9 9.8 14.8 19.7 24.6  Deleting
Tightening
Rotational Angle [deg.] Torque

Fig. 4.7: Share rates of contact force on the loaded surface of 1st pitch and 5th pitch of
Super Slit Nut when friction coefficient is 0.15.
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prevailing torque

Fig.2.3
Fig.4.8 dmm
17 19N'-m 15 18N'm
13.5N'm
T 25
= 20
(]
% s ’ : M 4
[_4
& 10
s m Loosening Direction
%D 5 + Tightening Direction
= 0
0 1 2 3 4 5

Rotational Displacement [mm]

Fig. 4.8: Prevailing Torque when friction coefficient is 0.15.
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4.3

4.3.1
3.3
Fig.4.9 M16x60
18mm 10 5
2
1
4.2

2kN 10kN 30kN 3

Table 4.1
X y 2
205GPa 0.3
4.2 0.15
surface displacement movable
in case of vibration / top plate

in x direction \

!
]
\

. I
surface nodes /

constrained in
v direction =—bolt
in case of vibration
in x direction

all external nodes
in hexagonal part RV Supre Slit
completely constrained ; Nut

Fig. 4.9: Finite element model of loosening due to dynamic transverse load using Super
Slit Nut.
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Table 4.1: Transverse displacement for the analyses of loosening of Super Slit Nut.

Fastening Force [KN] | Transverse Displacement [mm]

2 +0.10

10 +0.30

30 +0.35

4.3.2
10kN Fig.4.10
X
0.1mm y
3.4
1
28KN/mm
Fig.4.11 Table4.2 3
1
Fig.4.11
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Transverse Load [N].

Transverse Displacement [mm]

(a) the case of the bolted joint using hexagonal nut.

Transverse Load [N].

Transverse Displacement [mm]

(b) the case of the bolted joint using Super Slit Nut vibrated in the x direction.

20060

Transverse Load [N].

D 2606 C
=4JUYU

Transverse Displacement [mm)]

(c) the case of the bolted joint using Super Slit Nut vibrated in the y direction.

Fig. 4.10: Hysterisis loop of transverse displacement and transverse load when fastening
force is 10kN.
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loosening angle [deg.] loosening angle [deg.]

loosening angle [deg.]

e
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o

o
=
x
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o
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I

o
~

o
3

o
fo

@
=

o
19

Rt O
to w

e
=

<

—e— Hexagonal Nut

~m— SSN Vibration in x Direction

—— SSN Vibration in y Direction

S

cycles

(a) the case of fastening force 2kN.

—e— Hexagonal Nut

—a— SSN Vibration in x Direction

—— SSN Vibration in y Direction

cycles

(b) the case of fastening force 10kN.

—e— Hexagonal Nut
—a— SSN Vibration in x Direction
—— SSN Vibration n y Direction

cycles

(c) the case of fastening force 30kN.

Fig. 4.11: Loosening angle during 3 cycles.
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Table 4.2: Loosening angles [deg.] after 3 cycles

Fastening | Hexagonal SSN SSN
Force [kN] Nut Vibration in x Direction Vibration in y Direction
2 6.89x10~° 2.13x1073 8.10x10°3
10 3.79%x107? 3.51%x1072 4.00%1072
30 4.94%1071 1.80%10~1 3.89%x1071
4.3.3
Table 4.3

Table 4.3: Contact force on the thread sufaces.

Fastening | (a) Contact Force (b) Contact Force Total Contact
Force on the Loaded on the Other Contact Force | Force / Fastening
[kN] Surface [kN] Surface [KN] (a)+(b) [KN] Force
1.86 10.39 8.53 10.17
10.05 18.63 8.59 2.71
29.90 38.54 8.64 1.58
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4.4

4.4.1
M16
1
2.5°
1
90° 9
e
111kN

Fig.4.12 M16
1/4
1/4
90° 18
1
Fig.4.13
1
1
13kN
0.9mm
8.8
4T SGD3M
- Fig.4.14

s € o

e = log(l+e)

o = s(l+e)
[15]

[16]
1 123kN
90% 100kN
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=
e bolt

hottom area

bolt tip
subjected to

=, = Super Slit Nut

; bolted
member

completely constrained

displacement
in -y direction

0.15

Table ?7?

(a) overall bolted joint model

(b) Super Slit Nut

Fig. 4.12: 1/4 finite element model for stress analysis of bolted joint using Super Slit

Nut.

(a) 1st root of bolt thread
from nut bearing surface

(b) 1st root of nut thread
from nut bearing surface

Fig. 4.13: Element fining.
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900
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700

600
£ o
s 500
g 400
»n

300 Experimentas Nominal Stress and Nominal

200 Stram Relation

100 —a— Multi Linear Expression of Actual Sterss and

Actual Strain Relation
0
0 0.05 0.1 0.15 0.2 0.25
Strain
(a) S45C for bolt and bolted member

700

600 ?

500
5
s 400
£ 300
7]

200 —— Experimental Nommal Stress and Nominal

Strain Relation
100 —a— Multi Linear Expression of Actual Stress and
Actual Strain Relation
0
0 0.02 0.04 0.06 0.08 0.1
Strain

(b) SGD3M for nut

Fig. 4.14: Stress and stress relation of the materials used in bolted joint.
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Table 4.4: Analysis conditions corresponding to fatigue test of bolted joint

(a) Bolted Joint using Hexagonal Nut

Stress Amplitude | Min. Stress [MPa] Max. Stress [MPa] | Min. Disp. Max. Disp.
[MPa] (Load [kN]) (Load [kN]) [mm] [mm]
127 64 (12.9) 318 (63.9) 0.0234 0.1181
102 89 (17.9) 293 (58.9) 0.0326 0.1085
79 112 (22.5) 270 (54.3) 0.0411 0.0998
64 127 (25.5) 255 (51.3) 0.0466 0.0941
57 134 (26.9) 248 (49.9) 0.0492 0.0915
(a) Bolted Joint using Super Slit Nut
Stress Amplitude | Min. Stress [MPa] Max. Stress [MPa] | Min. Disp. Max. Disp.
[MPa] (Load [KN]) (Load [KN]) [mm] [mm]
127 64 (12.9) 318 (63.9) 0.0244 0.1215
102 89 (17.9) 293 (58.9) 0.0338 0.1116
76 115 (23.1) 267 (53.7) 0.0436 0.1014
64 127 (25.5) 255 (51.3) 0.0481 0.0967
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4.4.2

0.9mm
Fig.4.15
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(a) displacement 0.023mm (b) displacement 0.079mm

(c) displacement 0.205mm (d) displacement 0.490mm

(e) displacement 0.900mm (f) after deleting load

—— I

] 137.778 275.556 413.333 551.111
68,889 Z06.667 344,444 482 .222 620

Fig. 4.15: Mises equivalent stress during press deformation.
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100kN

Fig.4.16

Fig.4.17 Fig.4.18

65kN
Fig.4.19 Fig.4.20 1
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Mises equivalent plastic
Mises equivalent stress 1st principal stress strain

after deleting press

46.4kN

- TR e
o 137.778 27E.554 -1z00 ~EEE. 647 =133, 331 o LR 177778
£5.BE8F 206.667 ~533. 333 40a LO44444 -133333
TR TR ]
413.333 551.111 T #33.333 LZEEEET ]
F4. 444 z 2 20 133,333 GGG 66T 1200 ~A22TIT 311111 4

Fig. 4.16: Mises equivalent stress, 1st principal stress, and Mises equivalent plastic strain
during tension loading.
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hexagonal nut Super Slit Nut

11.1kN

67.5kN

106kN 103kN
—_—— I =
0 137.778 275.556 413.333 S51.111
68 .889 206.667 344,444 482 .222 620

Fig. 4.17: Mises equivalent stress of nut during tensile loading.
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hexagonal nut Super Slit Nut

11.1kN

67.5kN 59.4kN

106kN 103kN
L NEESss——— ] - e
-1300 -788. 889 -277.778 233.333 744444
-1044 -533.333 -2z 222 488_889 1000

Fig. 4.18: 1st principal stress of nut during tensile loading.
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hexagonal nut Super Slit Nut

I—
0 177.778 355.556 533.333 711.111
88,889 266,667 444,444 622.222 800

Fig. 4.19: Mises equivalent stress of bolt during tensile loading.
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Fig. 4.20: Axial stress of bolt during tensile loading.
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4.4.3

10% 1

Fig.4.21
100kN

Fig.4.22

25kN
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—&— Super Slit Nut

Mises Equivalent Stress[MPa]

100 —=— Hexagonal Nut
0
0 20 40 60 80 100
Tensile Load [kN]
(a) Mises equivalent stress
£ 1000
=
= 800
g
& 600
=
& 400
E —o— Super Slit Nut
£ 200
= —=— Hexagonal Nut
- 0
0 20 40 60 80 100
Tensile Load [KN]
(b) 1st principal stress
400
=)
S 300
£ 200
7
g 100 —e— Super Slit Nut
i —=8— Hexagonal Nut
0
0 20 40 60 80 100
Tensile Load [kN]

(c) shear stress

Fig. 4.21: Stress at 1st root of nut during tensile loading.
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300

= —a— Hexagonal Nut
g 250 .
p —e— Super Slit Nut
5 200
=
= 150
S
i 100
Z 50
)
0
10 15 20 25 30
Amplitude of Tensile Load [kN]
(a) stress amplitude
800
—=— Hexagonal Nut

& —e— Super Slit Nut
2 700
£
P
% 600
=

500

10 15 20 25 30
Amplitude of Tensile Load [kN]

(b) mean stress

Fig. 4.22: Stress amplitude in the root of bolt thread under the condition of fatigue
testing.
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Fig.4.23

£ zf:kl‘{.;-
N

P
Es==taar—

i

Fig. 4.23: Vector plot of principal stress at the top corner of slit (black vectors are 1st
prinsipal stress, green ones are 2nd, and blue ones are 3rd).
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5.1
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5.2

Fig.5.1 M16
6G/6h 10
5 2
76.7kN
w OKkN 100kN 20kN
0.3mm
0.10
205GPa 0.3
205GPa 0.3
71GPa 0.33 2

{movable top plate) ——=
surface nodes

subjected to 0.3mm
displacement in x direction

eray area ——— |
subjected to
axial load

(fixed bottom plate) ———
surface nodes I
completely constrained

Fig. 5.1: Finite element model for loosening due to dynamic transverse load and static
axial load.
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5.3

5.3.1
76.7kN

Fig.5.2

60kN

Fig.5.3

80kN 100kN

80kN
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100

é 80 ' = —— - - -
8 e
5 60 -
& e
240 T
< - - -
z:% 20 - ol —=a— Steel Movable Plate
e ‘ —a— Aluminum Movable Plate
0
0 20 40 60 80 100
External Axial Load [kN]

Fig. 5.2: Relation between external axial load and bolt axial force.

200
—a— Bolt Axial Force

160 —— Contact Force between Two Plates
— —e— Total Contact Force of Movable Plate
£ 120
8
5 80 A =
&

40
0 .

0 20 40 60 80 100
External Axial Load [kN]

Fig. 5.3: Relation between external axial load and contact force to movable plate.
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5.3.2
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Transverse Load [N]

1000
=100

Transverse Displacement [mm]

Fig. 5.4: Hysterisis loop in the case of steel movable plate.

Steel Movable Plate

! =0kN
Aluminum Movable Plate /
000

Transverse Load [N]

Transverse Displacement [mm]

Fig. 5.5: Hysterisis loop in the case of aluminum movable plate.
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Fig. 5.6: Contact surface state during loosening process.
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Fig. 5.7: Loosening angle.
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5.4

Fig.5.4
Fig.5.4 B Fig.5.8
Fig.5.3
Fig.5.4
100kN
1
14

= 12 !

= 10

2 M

5 8 s

Z

g 4 —e— Steel Movable Plate

= o2 = Aluminum Movable Plate

0
0 20 40 60 80 100
External Axial Load [kN]
Fig. 5.8: Maximum transverse load in the loosening process.
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Attachment
[LEH B WA VA A AN AN A ST A ALV ATAY

Piping
Module — Wiring

’ Module

(a) underfloor equipments attached to
attachment rail

>N~

Eg - Attachment Rail

——— Binding Plate

§§ [ Hardlock Nut
Bolt

il
L Fitting
U\L Equipment

{J = S
i_" j ] .\
Nut \ ]
Spring Washer i I

Nut

(b) detail of underfloor bolted
joint[25]

Fig. 6.1: Underfloor bolted joint.
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6.2
Fig.6.2

1
M16
6H/6g
0.10 0.15 0.20 3
205GPa
0.30 71GPa 0.33
Fig.6.3
430kg 4 1
W  1053.5N
Table 6.1
GM/RT2100

Table 6.1: Cyclic loading condition according to GM/RT2100 in the case of axial load
W =1053.5N[17].

Loading Direction | Acceleration [m/s?] Load [N]
Lateral 0.15 158.0
Longitudinal 0.2 210.7
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A
/e

Fig. 6.2: Finite element model for loosening of bolted joint of underfloor equipment with
attachment rail.

Car Bedy Cut Surface
Completely Constrained

Car Body and Mounting Rail
Tip Surface
Longitudinally Constrained

(For Loosening)
Longitudinal Displacement

N
(For Loosening)
Lateral Displacement

(For Loosening)
Axial Load

{For Tightening)
Circumferential Displacement

Fig. 6.3: Boundary condition of analysis for tightening and loosening.
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6.3
6.3.1

Fig.6.4 (2,14)
(2.14)
(2.14)

Fig.6.4 95N-m
0.10 48.8kN 0.15 35.1kN
0.20 27.3kN

300
——FEM =020

—eq. (2.14)

[\
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[

u=0.15

[\
[l
j=)

©=0.10

—
]
S

Tightening Torque [Nm]
w @
<) S

=

0 20 40 60
Fastening Force [kN]

Fig. 6.4: Relation between fastening force and tightening torque.
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6.3.2

0.15 0.15

95N-m 35.1kN
W Table 6.1

Fig.6.5 Fig.6.6 Fig.6.7

GM/RT2100

Fig.6.5

z z

é -0.604 0.004 § -0.0006
g -100 g

-150
transverse displacement [mm] transverse displacement [mm]
(a) the case of lateral load (b) the case of longitudinal load

Fig. 6.5: Hysterisis loop in the case of transverse load according to GM/RT2100.

—g 0.0009 g 0.0015
o ~
=0 =h
g 0.0006 g 0.00T
g 0.0003 § 0.0005
= ' 8
-0.004 -0.002 0.000 0.002 0.004 -0.0006 -0.0003 0 0.0003 0.0006
transverse displacement [mm] transverse displacement [mm]
(a) the case of lateral load (b) the case of longitudinal load

Fig. 6.6: Loosening angle in the case of transverse load according to GM/RT2100.
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transverse displacement [mm] transverse displacement [mm]
(a) the case of lateral load (b) the case of longitudinal load

Fig. 6.7: Reduction of bolt axial force in the case of transverse load according to
GM/RT2100.

6.4
6.4.1
35.1kN 3/4 1/2 26.3kN 17.6kN
W 3 5 3W 5w
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2 3
F 3
=} =2
g 5
203 3 006
g S
transverse displacement [mm] transverse displacement [mm]
(a) the case of lateral load (b) the case of longitudinal load

Fig. 6.8: Hysterisis loops when friction coefficient is 0.15 ((fastening force, axial load) in
the figure).

6.4.2

35.1kN W Fig.6.9

Fig.6.8
0.15
Fig.6.10 3w

Fig.6.10 Fig.6.11

_ 0004

oy

g 0003

= 0.002

g

o 0.001

£

5 o

g

2 03 02 0.1 0 0.1 02 03

transverse displacement [mm]

Fig. 6.9: Nut loosening angle during loosening process in the case of fastening force
35.1kN, axial load W.
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8 : 8
* Axial Load W

= Axial Load 3/

6 | 4 Axial Load 5W

¢ Axial Load W
= Axial Load 3%
6 4 Axial Load 5W

transverse load [kN]
I~
transverse load [kN]
I

2
0 0
16 24 32 40 16 2 2 40
bolt axial force [kN] bolt axial force [kN]
(a) the case of lateral load (b) the case of longitudinal load

Fig. 6.10: Transverse load required to cause loosening when friction coefficient is 0.15.

10 10
z 8 = 8
T 6 T 6
g e
Q Q
5 4 2 4
Z z
E o E

0 0!

16 24 2 40 16 24 » 40
bolt axial force [kN] bolt axial force [kN]
(a) the case of lateral load (b) the case of longitudinal load

Fig. 6.11: Transverse load required to cause loosening when axial load is 3W.
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Safety Case
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A.2
A2l

[18]
Fig.A.1[18]

Aluminum Double Skin
Car Body

(b) ceiling module (c) cross section of mounting rail

Fig. A.l: Interior module attached to mounting rail of car body[18].
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A.2.2 [22]

[18] Fig.A.2

(a) components (b) fastened state

Fig. A.2: Sleeve-caulking fastening method[23].
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A.3

A3.1
A.3.2
[19]
Ci
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Ri = P; x C;j
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(28]
fr(z)
[29]
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(0]
P= " fe(©d fo(@)do

Table A.1
C.0O.V.

Table A.1l: Scatter variables of input values (normal distribution).

| Input Values | Mean | C.0.V. |
Young’s Modulus of Panels 71GPa 5%
Young’s Modulus of Bolts 205GPa 5%
Initial Fastening Force : Bolt/Nut 2.7kN | 13.0%
: Sleeve/Caulking 3.3kN 2.7%
Coefficient of Static Friction on the Contact Surfaces 0.15 5%
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A.3: An analysis model of real module (
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coordinate of fastener).
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Mounting Rail

(a) 3D shell model with mounting rail

(b) 2D solid model for the analysis (c) 3D solid model for the analysis
of mounting rail of bolt axis
(8389 nodes, 2713 elements) (8924 nodes, 9708 elements)

Fig. A.4: Analysis models including mounting rail.
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A.4.2

Fig.A.3

1

Table A.2

1600mm

Fig.A.5

1600mm

3200mm

3200mm

4

Table A.2: Models

that are assessed in this study.

(S/C : Sleeve/Caulking Fastening, B/N : Bolt/Nut Fastening)

| Model | Length [mm] | Fastening Type | Fastener : Upper / Lower |

Mounting Rail
Modeled / Not Modeled

Not Nodeled
Not Modeled

Not Modeled

3/3
3/3

6
6

/
/

S/C
B/N

S/C

S/C

1600
1600
3200
3200

1

3
4

Fig. A.5: A 3200mm model with 9 fasteners (model 3).
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A.5

A.5.1
Fig.A.3 1
Table A.3
6.33 x 10~8
1.98 x 1073
1
A.5.2
1
2 Table A.3
2 1
10~ 10°
Table A.3: Risks of 1600mm models.
Model | Length | Fastening Risk of Fasteners
[mm] Type
1 1600 S/C ~0 6.33x107% 1.98x10°°
2 B/N ~0 873x107! 1.19 x10°
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A.5.3 3200mm

Fig.A.5 3 Table A.4

700mm 1 1.98 x 102
600mm 3 3.77 x 1073
1

Table A.4: Risks of a 3200mm model(model 3).

Model | Length | Fastening Risk of Fasteners

[mm] Type
3 3200 S/C ~ 0 ~0 7.76x10~° 3.77x10°°
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A.6

A.6.1
A5.2

Fig.A.3
[31] A B
Table A.5 A 3 B 5

Table A.6

Table A.6

Table A.5: Two levels of two factors.

Factor A : Means of Fastening Force Factor B : C.0.V. of Fastening Force

Level Value [KN] Level Value [%]
A; | 2.7(B/N mean) B; | 13.0(B/N C.0.V.)
A |30 B, 10.5
Az | 3.3(S/C mean) B; |81

By |54
Bs |2.7(S/C C.0.V.)

Table A.6: Contribution rate of mean and C.O.V. of the fastening force to risk.

(a) Fastener (b) Fastener
Factor Contribution Factor Contribution
Factor A 25.7% Factor A 62.8%
Factor B 54.7% Factor B 9.8%
Residual e 19.6% Residual e 27.4%
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A.6.2

1 A.3.2 5

Table A.7 Table A.7(a) Table A.3
Table A.7(b) 1
A.3.2

©)

Table A.7: Risks of model 1 including mounting rail.

(a) Risks of Fasteners

Model | Length | Fastening Risks of Fasteners
[mm] Type
1 1600 S/C ~0 255x107%0 3.89 x 107>

(b) Failure Probabilities of Each Failure Mode

Failure Failure Probability
Mode
(D) ~ 0 ~0 ~0
2 ~ 0 ~0 ~0
?3) ~0 383x1071 1.66x107°
() ~ 0 ~0 ~0
(5) ~ 0 ~0 ~0
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A.6.3

A5.3 3200mm
w
w
3200mm 1
w
Fig.A.5 3200mm
100mm
X = X; X = X» 2
W X1 =1100mm X, =1200mm
4
Table A.8 3 Table A.4
Table A.8: Risks of optimized 3200mm model.
Model | Length | Fastening Risk of Fasteners
[mm] Type
4 3200 S/C ~0 365x10 1.13x10°° 2.68x10°°
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(X1 +Xx2)/2

Table A.9

1100mm

Ditference of W betwesar

Lower Fasteners[MN]

—
LA
=

100

50

0

A 2

1100

100mm

Fig.A.6

X; =1100mm X, =1200mm

X2 — X1

[31] 2
B

Table A.9: Settings of level values of two factors.

Factor B
Level | Value [mm]
B1 200
B, 400
Bs 600

Factor A
Level | Value [mm]
A1 950
Az 1050
A3 1150
Ay 1250
N
L \\\
g
900 1000 1100 1200

Factor A [nun]

(a) factor A

1300

Difference of W betweer

Lower Fasteners [N]

100

40 r

20

200 400 600

Factor B [nun]

(b) factor B

Fig. A.6: Interval estimation of W to two factors.
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A.6.4

3200mm 3 4
1.96kN/m 1600mm
5
1kN 4 2kN
Table A.10
4 3
5
Table A.11 4
X =1200mm 3

Table A.10: The results of risk analysis in the case of one-side loads.

Model Risk of Fasteners
3 ~0 850 x 10712 932x10° 7.65x 10°
4 ~0 122 x107° 3.13x10°°% 4.17 x 1010

Table A.11: The highest risks in the case of concentrated loads.

x coordinate | load [kN] Model 3 Model 4
0 1 6.38 x 1071 [ 9.55 x 101

400 2 6.93 x 10° | 7.03 x 10°
800 2 1.13 x 107! | 5,57 x 1074
1200 2 3.25 x 100 | 1.56 x 10~*
1600 2 2.88 x 10° | 2.83 x 10°°
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(4) 3200mm

108

1600mm

3200mm



1970

109



B.1 2

B.1.1
== 1]
~—1 | Bl ]|
LT Al
SN L
T

Fig. B.1: Finite element model for
tightening a fastener.

P
DRUDIHES - :
== ’\}’{ _ o
FA A
7 RS
BhUOREE ! S
. SIS NN
e K
| 200 -
3 i 3
B AR 3 :
H==0, 866025 P < ; )

Fig. B.2: Dimension of metric thread[32].

2 Fig.B.1
M16 d=16mm P=2mm
JIS B 0205
Fig.B.2[32] d
P
H = Y3p (B.1)
2
M T
H H
d=d-2 — — — :d—@P (B.2)
2 8 8
M 1
H H 5v/3
dj=d-2H-——— =d—2X°p B.3
1 T 3 (B.3)
Fig.B.2
AT =15+ 11P (B.4)
3.15
2/3
Ty = 180P*° — —— (B.5)
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B.1.2

P

Tpr = 433P —190P*?3(P : 0.2 0.8)

= 230P%7(P >1)
Ta2 = 90P %4d%*

Tp2 = 1.32Ty

M,
=d- V3P - 5 TAT

313 M1y 1l
_d2V0p o d AT
d+ = 5+

V3 Tp1

= 0.144P

= 0.072P

ANSYS

(B.9)  (B.10) Fig.B.3
ANSYS
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10 Fig.B.4

1/2
0° 90° 180° 270°
90° 4 Fig.B.5
d
Fig.B.6
vglue
2 SOLID45
Fig.B.7
90°
SOLID95 vsweep
Fig.B.8
SOLID95
Fig.B.9
SOLID95 Fig.B.10

Fig.B.2
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Fig. B.3: Cross section of Fig. B.4: Volume of bolt Fig. B.5: Volume of inner
bolt thread. thread. axis with bolt thread.

Fig. B.6: Entire volume  Fig. B.7: Meshofcylinder  Fig. B.8: Mesh of bolt
of bolt. part of bolt. thread.
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Fig. B.9: Mesh of innner Fig. B.10: Entire mesh of

axis. bolt.
B.1.3
B.1.1
P (B.11) (B.12) Fig.B.11
ANSYS
5 Fig.B.12
1
6P
90° 4 Fig.B.13
vglue
SOLID95
90° 6
SOLID95 vsweep
Fig.B.14
SOLID95
Fig.B.15

Fig.B.16
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Fig. B.11: Cross section Fig. B.12: Volume of nut Fig. B.13: Entire volume
of nut thread. thread. of nut.

Fig. B.16: Contact part
Fig. B.14: Mesh of nut  Fig. B.15: Mesh of outer  of bolt thread and nut
thread. cylinder. thread.

B.1.4

24mm
18mm 30mm
SOLID45 SOLID95
Fig.B.17

B.1.5
ANSYS

ANSYS
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ANSYS
ANSYS

Fig.B.18

SOLID95

Fig. B.17: Mesh of bolted
cylindrical member.

1 0.01 10
01 1

TARGEL170 CONTA174

SURF154
SURF154 y

Fig.B.19

Fig. B.18: Contact ele-

ments.

Fig. B.19: Surface ele-
ments to rotate nut.
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B.1.6

Imm

5mm
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B.2 3
B.2.1

surface nodes subjected movable top plate
to £0.3mm L

displacement
in x direction

=12

surface nodes bolt
constrained in =12
v and z direction O, )

¢ T m=7.35

all external nodes \

completely constrained nut

Fig. B.20: Finite element model for loosening caused by dynamic transverse load.

3 Fig.B.20
M10 d=10mm P=1.5mm
B.1.1
P (B.9) (B.10)
ANSYS
15 Fig.B.21
1/2 1
0° 90° 180° 270°
90° 4
360°
Fig.B.22 d
d
d d
d vsbv

[33] Fig.B.23
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vglue
SOLID95
Fig.B.24

90° 6 vsweep

Fig.B.25

Fig.B.2
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Fig. B.21: Volume of bolt Fig. B.22: Volume of in- Fig. B.23: Entire volume
thread. ner axis with bolt thread. of bolt.

Fig. B.24: Mesh of bolt  Fig. B.25: Entire mesh of
head and cylinder part. bolt.
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B.2.2

B.1.1
P (B.11) (B.12)
ANSYS
4
1
5P
90° 4
vglue
SOLID95
90° 6
vsweep
SOLID95
Fig.B.26
B.2.3
18mm
12mm 24mm
8
24mm 12mm
24mm 00° 4
45° 135° 225° 315° Fig.B.27
vglue
SOLID95
Fig.B.28
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B.2.4

Fig.B.29
TARGEL170 CONTA174
2
B.2.5
1
2
0.3mm Omm -0.3mm Omm 0.3mm
ON
Fig. B.27: Volume of inner axis with
Fig. B.26: Volume of bolt thread. bolt thread.

Fig. B.28: Mesh of bolt head and cylin-
der part. Fig. B.29: Entire mesh of bolt.
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