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ABSTRACT

In mechanical structures, a lot of bolts and nuts have
been used. Sometimes loosening accidents happen in the
structures under several types of loadings. Recently, the
cause of the screw thread loosening is being elucidated.
However, the effect of some parts for preventing the
loosening in bolted joints such as spring washer, double
nut and so on is not fully elucidated. In this study, the
experiments were carried out to measure the reduction
of axial bolt force in the bolted joint with some parts for
preventing the loosening such as the spring washer, the
toothed washer, the double nuts, the eccentric nut, and
so on under the transverse repeated loadings. The test
machine used was Junker's type loosening machine. Then,
the effects of the washers and some types of nuts are
evaluated on the loosening of bolted joints. It is shown
that the performance for loosening is getting better as
the initial clamping force increases and the effect of the
washers is not found on the loosening. However, the effect
of eccentric nut is substantial on the loosening. In addition,
the loosening tests according to NAS were also carried
out. No effect of all the washers mentioned above is found
due to NAS testing. Discussion is made on the effect of the
parts for preventing the loosening mentioned above.

INTRODUCTION

Bolted joints have been used in the industries such as
automobile, mechanical structure, railway industry and so
on. Sometimes loosening accidents occur from the screw
thread in the bolted joints. It is well known that bolted
joints are loosened when transverse repeated loadings are
applied to the joints after they have been tightened. A lot
of parts for preventing the loosening have been proposed
and used. However, it is known empirically that almost
the parts are not available for preventing the loosening.
It is necessary to examine that the parts for preventing
the loosening are available or not. In addition, it needs
to know why the bolt-nut will be loosened. Some studies
[1]-[5] have been done on the loosening in bolted joints
experimentally and numerically. However, no systematic
study has conducted on the loosening using several types
of parts for preventing the loosening.

Thus, in this study, the experiments were carried out
to observe the loosening in bolted joint and joints with
hexagon nut with flange, the market-sold eccentric nuts,
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nylon insert nut, nut with spring washer and so on using
Junker's machine [4] and NAS machine [6] while the
bolted joints with conventional hexagon nut and the
double nuts were also tested using Junker testing machine
and NAS machine. The experimental evaluations of bolted
joints with the above nuts were made. In addition, FEM
analyses [7] were done to clarify the loosening phenomena
of bolted joints with the hexagon nut, double nuts and
eccentric nuts [8]. According to these results, the principle
of the bolt loosening was examined.

VIBRATION LOOSENING TESTS USING
JUNKER'S MACHINE

Experimental method

The effect of some parts for preventing the screw thread
self loosening such as plain washer, spring washer, double
nut, eccentric nut, nylon insert nut, slit nut and so on was
evaluated using Junker's type loosening machine [4].
Figure 1 shows the schematic of Junker's type loosening
machine used in the present experiments. This machine
was fabricated according to the reference [4]. Figure 2
shows the types of parts for preventing the self-loosening
used in the experiments. The nominal size of bolt and nut
used is M10x1.5 and their strength classification is 4.8.
Fig.2(a) is the normal hexagon nut specified in the JIS
standards [9], Fig.2(b) is the hexagon nut with flange,
Fig.2(c) is the double nuts, Fig.2(d) is the nylon insert nut,
Fig.2(e) is the slotted nut, Fig.2(f) is the steel plate insert
nut, Fig.2(g) is the eccentric nuts, Fig.2(h) is the spring
washer,

Fig.2(i) is the toothed washer, Fig.2(j) is the plate spring
washer and Fig.2(k) is the nordlock washer.

In the present tests, the bolt preload is chosen as 5,9
and 12.5 kN. These bolt preloads correspond to 30,50
and 70% of the bolt yield stress. At first, the tightening
procedure was repeated to tighten up to the preload of
5kN and then release to the preload OkN 5 times for
eliminating the permanent set at the interfaces between
the bearing surfaces of the bolt head and the nut. Then,
the bolted joints was tightened with the preload mentioned
above. In the loosening tests, the transverse displacement
S was chosen as S=0.35mm and the maximum numbers
of the transverse repeated displacement was chosen as
500 times. In the case where the double nut was tested in
the loosening machine, after the lower nut was tightened,
the upper nut was then tightened. By, loosening the lower
nut with a torque wrench while the upper nut was fixed
completely, both the nuts were tightened until the entire
contact surfaces at the thread interfaces were compressed
completely. One upper nut was prepared while the three
lower nuts were prepared for the tests.

Experimental results

Figure 3 shows the results in the loosening tests.
The abscissa is the number of repeated cycles and the
ordinate is the bolt load. The bolt preload is chosen as
5kN in Fig.3(a). It is observed obviously that the bolt load
decreases as the number of the repeated cycles increases.
Then, the bolt load was lost entirely for the cases of the
hexagon nut, the hexagon nut with flange, the double
nuts, the steel plate insert nut, the nut with spring washer,
the nut with toothed washer, and the nordlock washer as
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shown in Figure.3(a). The bolted joints with the above
mentioned washers and nuts were completely loosened
while the joints with the plate spring washer, the nylon
insert nut, the slotted nut and the eccentric nut were not
loosened completely. In the above mentioned joints, the
residual bolt loads were found. Figure 3(b) shows the
case where the bolt preload is 9.0kN. The bolt load was
lost entirely for the cases of the hexagon nut, the hexagon
nut with flange, the double nuts, the slotted nut, the steel
plate insert nut, and the nut with spring washer. For the
cases of the nut with toothed washer, the nut with nordlock
washer and the nylon insert nut, the bolt load was lost
substantially. However, in cases of the eccentric nut and
the nut with plate spring washer, the reduction in the bolt
load was smaller. The reduction in bolt preload was seen in
the six nuts (the hexagon nut, the hexagon nut with flange,
the double nuts, the nylon insert nut, the slotted nut, the
steel plate insert nut) and three washers (the spring washer,
the toothed washer, the nordlock washer).

Figure 3(c) shows the case where the bolt preload is
12.5kN. The bolt load was lost completely for the cases
of the hexagon nut, the hexagon nut with flange, the
double nuts, the slotted nut, the steel plate insert nut, and
the nut with spring washer. For the cases of the nut with
toothed washer and the nylon insert nut, the residual bolt
load was found. However, in the cases of the eccentric
nut, the nut with nordlock washer, and the nut with plate
spring washer, the reduction in bolt load was smaller.
The reduction in bolt preload was seen in the six nuts
(the hexagon nut, the hexagon nut with flange, the double
nuts, the nylon insert nut, the slotted nut, the steel plate
insert nut) and two washers (the spring washer, the toothed
washer).

Figure 4 shows the result obtained from the loosening
tests. The results for the eccentric nuts and the hexagon
nut are shown. The bolt preload was 5, 9 and 12.5kN.
It is easily observed that the joint with hexagon nut is
loosened while the joint with eccentric nut is not loosened.
It can be seen that the number of cycles is increased
as the preload increases. This means that a method for
preventing the loosening is to increase the bolt preload.
Figure 5 shows the residual bolt preload of the joints under
repeated transverse loadings of 500 times. The ordinate
is the residual rate of the bolt load and the abscissa is the
bolt preload (5, 9, 12.5kN). Under the repeated transverse
loadings, the joints with washers and nuts were loosened.
The higher residual bolt load was found for the joints
with eccentric nut and the plate spring washer. When the
joint with nordlock was used, the residual bolt load was
increased with an increase of the bolt preload.

VIBRATION IMPACT LOOSENING TESTS
USING NAS 3350 MACHINE

Experimental method

The experiments were carried out for the bolted joints
with some parts for preventing the loosening which is
shown in Fig.2 using NAS 3350 machine [6]. The nominal
size of nuts and bolt is M10x1.5. In the NAS tests, some
washers were used with hexagon nuts, too. The tightening
torque applied was 17.5 and 25.0kN, respectively. In the
impact loosening tests [6], the velocity of vibration was
1780 cycles per minute, the transverse displacement was



NAS 3350 EAB&R#EZfEMA L-iRBNEED DH
ABR

EERAE

X 5 1A F2ER T L 7= NAS 3350 3 ERE [7]
g, WHIIEDES (BAEITRAT > N EOE
) LAV N ThH T — LRI X O 4 %
A5 L, IRENAR LB A 7 iR LR E A 5 R
Ty R —EEELL B BT E TORM 2 HIE L
72o BRIV ET Y NOREORIIMIO X 1.5 TH 5,
FERTIF RV 271X 17.5kN & 25.0kN & L7, 285
OHIFE T RV 7 XA N OBERIS T D 60%
BLOW%ITFHY T EHMEND, K5 ITR
T LI, WHEA G ZAALIE 1lmm, BB IX
19mm & L., #REHHRZ 1 43I 1780 11 S ¥ 7=,
o OFERIT 17 57/ (K9 30000 Y1 7 V) 1T
77

EERER

[X] 6 1L NAS 3350 stk [7] 2 H L&
D HRBOFERZ RS, Moy FERETO
BT AR RGN, L LERG,
MR MEAERIB LTS v A Y — Ty M
Ty R EFR O ]D D Ak HE L & kit LT
DR X Nip DA IED IR &R LTz, NAS kT
W, RDT Y FEEE LIRRERIZDP D RTR D
nixmotz,

=RTEBRERMEN

Ny b EUERESB I OMELOT > Moo
W, ILHABREFRMAT Y 7 K~ ANSYS (Ver. 9. 0)
Z i L C Junker 2w 5 ikt o €7 v & {E
L. DIk MERE A BT L7,

BETIL

X 7 1% FEM fi##1€ 7 Vv &~ 9, X 7(a) 1% JIS
HICHESNTWAARAT Y FERIL TR
B & fiAs LT v, X 7(0h) R aEs s
LELE-ET L, KT70) IR0y hEEEEL
ETNANTHD, TNENARLVE, Ty b, ©D
LD L EEREZET U > 7 Lz, il
F v MI EROMS > ETFROMT Y SRH D
M, AN TIZMT > NI 1 E Y FokEo=720
Thb, RUREDOHNA LRI I IIBEL T
2, RV ETy FOMFOEIIMI0O THD ., IR
AR O 7EEIL 12mm TH D, AV R ETF Yy PEB X
OV A 4 D AR 2 %2 189GPa, R EhAR
HEMERR L & 206GPa, AN T Y U ERIT 4T 0.3 & L,
BEEARET 0.1 & Lz, FEATICIE =0T 8 Bi s
MASER EEMERAFGEH L, #7713y XA
WEARTFNT =R Lz, BEMERT. NA
Fv MEREEFLEMHEEROET L (K T7@) T
I, oy NEE - IRERE & UL, LR
JE4r 2 A LTk A0 T LK T(h) TIZRA L
IR, F > MR - IUERES i, B8 X O
XA T il - IREMRRIC, WOy hEEEL

11mm, and impact displacement was 19mm. These tests
had been carried out for the parts used in the Junker's
loosening tests for 17 minutes.

Experimental results

Table 1 shows the experimental results in the impact
loosening tests using NAS 3350 machine [6]. In all
the parts except the eccentric nuts, the loosening was
found. However, it was observed that the joint with the
nylon insert nut is better for preventing the loosening as
compared with the other parts except the eccentric nuts [8].
In the tests, no loosening was found for the joints with the
eccentric nuts.

Analytical method

The reason why the screw thread will be loosened under
transverse repeated loadings is examined using the FEM
calculations.

Analytical Object

The concept of the model is shown in Fig. 6, and the
dimensions are indicated in Fig. 7. The size of the bolt
used is M8 that has the maximum dimensional tolerance
of 0.014mm [9] in the radial direction. As the bolt thread
slips most on the nut surface in the condition of maximum
dimensional error, the analytical model employed this
maximum allowable error.

Model for FEM calculations

The analytical model is shown in Fig. 8. The finite
element model has "modified" quadratic tetrahedral solid
elements (C3D10M). This type of element is special for
ABAQUS [10], and has high quality (accuracy). Although
it is a quadratic solid elements, it can handle contact
problems. The top portion of the bolt is defined as rigid
body to maintain the circle shape during the loading, and
is subjected to the radial motion. The whole nut portion is
also meshed by C3D10M elements and was defined as a
rigid body after it is meshed. According to this modeling,
the deformable part is only the bolt, and the calculation
time can be reduced remarkably without losing generality.
The friction between the threads of the bolt and the nut
is taken into account, and the friction coefficient was
assumed to be 0.1. This value is corresponding to the
typical situation where the friction at bolt tightening is
well controlled. The nut is constrained in all the degrees of
freedom of translation and the rotation about all the axes
except the bolt axis, so that only the rotation about the
bolt axis is allowed. In this case, no inclination of the nut
occurs, as it does not occur when the bolt joint fastens flat
surfaces.

The bolt preload of each bolt is applied using the special
“bolt-pretension” capability of the program [10] and the
bolt length is "fixed" after tightening so that the changes of
the bolt-tension can be captured.

The material properties used in the analyses are as
follows:

Young's Modulus, E=190000MPa

Poisson's Ratio, V= 0.3.

Analytical Cases
The following conditions were analyzed using the model
shown in Fig. 8.
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1) Constraints (Boundary conditions)

The following cases (a) to (c) were considered to model
different nut conditions:

(a) Nut is allowed to rotate about its axis that is collocated
to the bolt axis. Bolt top is allowed to move only in
the radial (x-) direction. This is the case of "normal"
situation.

(b) Nut is allowed to rotate about its axis that is collocated
to the bolt axis. Bolt top is allowed to move only in one
radial (x-) direction, and the bottom is constrained not
to move in the radial directions (x- and y-directions).
This is the case of the first nut of "double nut" situation,
or “constrained” situation.

(c) After the pretension, nut is moved to the radial
direction and in perpendicular to the bolt motion
(z-direction) in order to "lock" the bolt by plunging
nut thread into bolt thread. The nut radial movement is
0.025mm, while the gap is 0.014mm. After this radial
movement, the nut motion is constrained to allow only
the rotation about the axis. This is the situation of an
eccentric bolt/nut system.

2) Bolt Pretension
The following bolt preloads were applied. The physical

meanings of the loads are also described:

(a) 500N: The case where the bolt preload is low to be

almost loosened.

(b) 1500N: The case where half of the desired tension
is applied. This may take place when the
tightening procedure is incorrect.

(c) 3000N: The case where the desired bolt load is applied.
The average stress is approximately 100MPa.

(d) 5000N: The case where the pretension is applied on the
half way from the desired force to the force by
the yield stress.

(e) 8500N: The case where the bolt is tightened near to the
yield stress.

3) Displacement of the Bolt Top

The bolt top is subjected to two cycles of the following
lateral displacement:
(+X=>0=>-X=>0=>+X=>0=>-X=>0)

(a) 0.01lmm

(b) 0.02mm

These values are determined by the authors to examine
the effect of the displacement relatively.

Analytical results

Nut Rotation

Figure.9 shows the nut rotation angle when the normal
bolts are subjected to the preload and to the bolt top
displacement of 0.01mm. The figure shows that the nut
rotation angles are different from each other depending on
the preload.

The figure also shows that the nut angle reduces
remarkably, if the tension is over 3000N. This means that
the bolts are not loosened easily, if a certain preload is
applied, or the bolts are tightened adequately.

Figure 10 indicates the time history of the nut rotation
for the constrained bolt and eccentric bolt/nut system.
For the case of the eccentric nut, the rotation angle itself
is larger than the other conditions, but the direction is
reversed when the load (or displacement) is reversed, so
that the angular displacement recovers and returns to the
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original angle. In both the figures, the first and second
cycles may show different behavior. Figure 11 summarizes
the nut angle results of all the cases. In the figure, "(ave)"
means the averaged value of the two cycles, and “(last)”
means the results of only the second cycles. It is observed
that the rotation angles change drastically at a certain bolt
preload. It shows both the angles of the averages of the
two cycles and the second cycle only. As learned from the
Figures 9 and 10, the first cycle and the second cycle may
behave differently. This fact is considered in Fig.11. The
values are different, as expected, but the tendency of these
plots is the same. We can estimate the nut rotation, or bolt
loosening, by the average or by solely the second cycles.
The bolt preload clearly has significant effect on the bolt
loosening.

In the FEM calculation results, the bolt load is reduced
in the case where the bolt is loosened, and this tension
reduction causes the bolt to become looser. On the
contrary, the bolt load is maintained for the bolt that is
not loosened. For the eccentric system, the nut threads
are plunged into the bolt threads and at this time bolt load
increases. As the results, it is assumed that the loosening
occurs when the slip begin between the bearing surfaces
of the nut and the clamped parts. Thus, the bolt preload
must be increased for preventing the loosening while the
joint with the eccentric nuts is available for preventing the
loosening because the edge effect of the eccentric nuts is
substantial for the loosening.

CONCLUSIONS

In this study, the loosening tests were carried out for the
bolted joints with some parts for preventing the loosening
under repeated transverse loadings using Junker's machine
and NAS machine. The following results were obtained.

1) From the loosening test results by Junker type
loosening machine, no effect of almost all the parts for
preventing the loosening was found on the prevention
of the loosening while the joints with eccentric nuts
were found to be excellent for preventing the loosening.
The effect of the nordlock washers was found on the
prevention of the loosening as the bolt preload was
increased.

2) In the impact loosening tests due to NAS, no effect
of almost the parts for preventing the loosening was
observed while only the joint with eccentric nut was
found to be excellent for preventing the loosening.

3) From the FEM calculations, the reason why the screw
threads are loosened under the transverse repeated
loadings for the joints with hexagon nut and the double
nut. In addition, for the joint with the eccentric nut
no loosening was found while a first and the second
transverse loadings were applied to the joint, the
preload was decreased slightly because of the small
clearance between the nut engagement interfaces.
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Parts for preventing the loosening

(b) Double nuts (c) Nylon insert nut (d) Slotted nut

(j-1) Eccentric nut (head) (j-2) Eccentric nut (tail) (k) Anaerobic adhesive

Figure-1 Parts for preventing the loosening
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Figure-2 (a) A schematic of Junker's type Figure-2 (b) Junker's type loosening test machine

loosening test machine
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Figure-3 (a) The result in the loosening test using Junker's machine (Bolt preload is 5kN)



F=9kN (50%)
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— Eccentric nut
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~—— Spring washer
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E 40 ——Plate spring washer
Py —— Hexagon nut with flange
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MNylon insert nut
0.0 Nordlock washer
Hexagon nut
-20 : : ; : . Slotted nut

Steel plate insert nut
—— Anaerobic adhesive

0 100 200 300 400 500

Number of repeated cycles
{The average of 3 tests)

Figure-3 (b) The result in the loosening test using Junker's machine (Bolt preload is 9kN)

F,=12.5kN (70%)
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Figure-3 (c) The result in the loosening test using Junker's machine (Bolt preload is 12.5kN)
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Figure-4 (a) The result in the loosening test using Junker's machine
(Bolt preload is 5kN, the maximum number of repeated cycles is 5000)
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Figure-4 (b) The result in the loosening test using Junker's machine
(Bolt preload is 12.5kN, the maximum number of repeated cycles is 5000)
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Figure-6 Test results for the impact loosening tests using NAS 3350 machine
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Figure-7(a) FEA model of the joint Figure-7(b) FEA model of the joint with
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Figure-7 Finite element models Figure-7(c) FEA model of the joint with eccentric nut
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