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Abstract
To improve the fatigue limit and the fatigue life of bolt nut connections, the effect
of root radius and pitch difference is studied. Three different root radii and pitch
differences are prepared for fatigue experiments. The experiment verified that enlarging
the bolt root radius may improve the fatigue limit of the bolt by more than 30%.
Furthermore, suitable pitch difference may improve the fatigue limit by more than 25%
by replacing the crack initiation site from the bolt head side to the other side. Antiloosening performance can be expected for this enlarged root radius bolt connections
according to the FEM simulation.
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Nomenclature

𝛼𝛼
𝜌𝜌
𝐾𝐾𝑡𝑡
𝐸𝐸
𝜈𝜈
𝜎𝜎𝑠𝑠𝑠𝑠
𝜎𝜎𝐵𝐵
𝜎𝜎𝑚𝑚
𝜎𝜎𝑎𝑎
𝜎𝜎𝑤𝑤
𝑅𝑅
𝐹𝐹
𝐹𝐹𝑎𝑎
𝐹𝐹𝑚𝑚
𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚
𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚
𝑇𝑇𝑃𝑃
𝜇𝜇𝑠𝑠
𝜇𝜇𝑤𝑤
𝐹𝐹𝑡𝑡
𝑇𝑇
𝜃𝜃
𝐻𝐻𝑛𝑛
𝐻𝐻𝑐𝑐
𝑇𝑇𝑝𝑝𝑢𝑢
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Pitch difference
Bolt root radius
Stress concentration factor
Elastic modulus
Poisson’s ratio
Yield strength
Tensile strength
Mean stress
Stress amplitude
Fatigue limit of SCM435
The cycle loading ratio
Cyclic loading
Load amplitude
Mean load
Maximum nominal stress at bolt roots
Minimum nominal stress at bolt roots
Prevailing torque
Thread friction coefficient
Underhead friction coefficient
Tightening force
Tightening torque
Rotation angle of the nut
Nut height
Height of the clamped body
Residual prevailing torque

Introduction
Bolt nut connections are one of the essential mechanical elements used in various

industrial fields; for instance, about 2000 bolt nut connections are needed in one vehicle
(Ujita, 2010). Under dynamic and impact loading with vibrations, self-loosening, and
fatigue failure often happened and sometimes caused serious accidents. Therefore, low2

cost, high fatigue strength and excellent anti-loosening performance are always
required for bolt-nut connections. Some previous studies suggested that self-loosening
is mainly caused by the dynamic transverse loading (Junker, 1973; Ramey et al., 1994).
A lot of useful studies are available for preventing self-loosening (Sase et al., 1996;
Panjia et al., 2017; Zhou et al., 2019; Xiao et al., 2010; Noda et al., 2008).Typically,
Wakabayashi designed a nut pair that consists of an upper nut and a lower nut that
eccentrically engage with each other to avoid loosening, named Hard Lock. This kind
of bolt nut connection has witnessed the success of Japan Shinkansen for several
decades (Wakabayashi, 2002).
The bolt fatigue failure sometimes happened without the nut loosening. This is
because the large stress concentration always appears at the bolt thread root. Since it is
difficult to improve the fatigue strength of bolt nut connections, few researches are
available compared to anti-loosening improvement. Wang et al. found that the shear
capacity of Hollo bolts is much higher than the normal bolt, and the fatigue life of Hollo
bolts was slightly higher than that of normal bolts (Wang et al., 2020). Heywood
investigated the relationship between fatigue and stress concentration and found that
the fatigue strength is related to the absolute size of the notch, material, and the stress
concentration factor (Heywood, 1947). Gregor et al. investigated the effect of cyclic
loading on the mechanical behavior of three kinds of materials, from these experiments,
it can be found that by enlarging the root radius, both of fatigue limit and fatigue
strength of the materials can be improved (MacGregor et al., 1952; EI-Batahgy, 1994).
Honarmandi studied four geometrical parameters, namely, flank type, root radius,
thread run-out, and head fillet radius on fatigue life. According to these studies, a new
bolt design method named Fatigue Bolt Improvement method, which is thought to be
able to reduce the stress concentration and increase the fatigue strength of bolt nut
3

connections, was designed (Honarmandi et al., 2005). Majzoobi et al. investigate the
effect of nut shape and washer on the fatigue life of bolt nut connections, and it is found
that the fatigue life of slotted tapered nut is much longer than that of hexagonal nut and
tapered nut, besides, a spring washer and Teflon tape would be expected to increase the
fatigue life of bolt connections even more (Majzoobi et al., 2005). Nishida studied the
effect of root radius on fatigue strength, in his research, three different kinds of root
radii 0.3mm, 0.5mm and 0.7mm of JIS M25 are used, and found that the root radius has
little effect on fatigue strength and fatigue limit. Besides, a new kind of bolt named CD
bolt (Critical Design for Fracture) was designed, and the fatigue life of this kind of bolt
is almost twice that of common bolts (Nishida et al., 1997).
Those previous studies mentioned above concern either anti-loosening or high
fatigue life. Few researches are aimed at improving both anti-loosening and fatigue
strength. Shinbutsu designed a new bolt fastener with the double nut structure, named
DTB-II, having practically sufficient tensile strength and excellent anti-loosening
performance (Shinbutsu et al., 2017). The authors’ previous researches indicated that a
slight pitch difference in bolt-nut might improve the fatigue life and the anti-loosening
performance (Chen et al., 2015; Noda et al., 2016; Chen et al., 2016). For Japanese
Industrial Standards (JIS) M16 bolt nut connections, when α=15μm, the fatigue life
increases by about 1.5 times compared to α=0 although the fatigue limit does not
increase (Chen et al., 2016). Walker et al. studied the thread parameters effects on the
fatigue life, and they found that the reduced stress concentration may improve the
fatigue strength (Walker et al., 1970). Also, Yoshimoto et al. found increasing the flank
angle by 5 degrees in the pressure flank and reducing the pitch by 0.15% for M24 may
improve the fatigue strength of bolt nut connections(Yoshimoto et al., 1978). These
studies discussed the root radius effect on the fatigue strength without providing pitch
4

difference. Instead, the authors previously discussed the pitch difference effect without
considering thread shape modification. (Chen et al., 2015; Noda et al., 2016; Chen et
al., 2016).
Since no research is available, this paper will focus on the coupled effect of the
root radius 𝜌𝜌 and the pitch difference 𝛼𝛼 on the fatigue strength in bolt nut connections.

Based on the authors’ previous researches, three kinds of root radii α for M16 bolt nut

connections are chosen. Furthermore, at the same time, enlarging the thread root
radius 𝜌𝜌 to reduce the concentration aiming at improving the fatigue life and fatigue
limit. The fatigue strength improvement will be discussed from the S-N curve and

fatigue limit diagram based on the experiments and FEM analysis. The anti-loosening
effect will be confirmed since the coupled effect of the thread root radius 𝜌𝜌 and the

pitch difference α may affect the anti-loosening as well as the fatigue strength.

2 Fatigue experiments and results
2.1 Specimen and experiment conditions
This study focuses on high strength Japanese Industrial Standards (JIS) M16
bolt nut connections. Three kinds of new bolt shapes whose root radii are larger than
that of M16 bolt are prepared, aiming at improving both the fatigue life and fatigue
limit. Figure 1(a) illustrates a bolted joint whose thread is numbered as -3, -2, ... 7, 8
from the bolt head side to the other side. As shown in Figure 1(b), since nut chamfers
are commonly used, the threads are neglected at two ends, as shown in Figure 1(A) in
the simulation. Instead of the standard M16 pitch p=2000μm, the nut pitch is 𝛼𝛼 μm
larger than that of the bolt pitch p=2000μm in this study. Patters found that the longer

the nut is, the longer the fatigue life of the bolt connection is (Patterson, 1990). Griza
found that bolts with longer length tend to have high fatigue strength for bolt joints
under the same tightening torque (Griza et al., 2013). According to JIS B 1181 - 1993
5

Type 2, Grade A, Hexagon Nuts, the nut height is between 15.7mm and 16.4mm. To
eliminate the effect of nut length, all the height of the nuts used in this study are 16mm.
Figure 2 illustrates the shape and dimension of the thread designed in the study. Instead
of the standard root radius JIS M16 𝜌𝜌 = 𝜌𝜌0 = 0.29 mm , the newly designed bolt

specimens have a root radius 𝜌𝜌 = 2𝜌𝜌0 and 𝜌𝜌 = 3𝜌𝜌0 . To evaluate the stress reduction
conveniently, we consider the stress concentration factor 𝐾𝐾𝑡𝑡 of a round bar having a

circumferential 60° notch shown in Figure 2(d) whose 𝐾𝐾𝑡𝑡 formula is available (Noda
et al., 1999; Noda et al., 2006). The stress concentration factor 𝐾𝐾𝑡𝑡 decreases from 4.53
to 2.90 by increasing the thread root radius from 𝜌𝜌 = 𝜌𝜌0 to 𝜌𝜌 = 2𝜌𝜌0 , and the stress

concentration factor 𝐾𝐾𝑡𝑡 is reduced to 2.4 when the bolt root radius becomes 𝜌𝜌 = 3𝜌𝜌0 .

(a)

(b)

FIGURE 1 Schematic illustration of (a) bolted joint and (b) nut chamfer at nut ends.
6

(a) ρ=ρ0 (𝐾𝐾𝑡𝑡 =4.53 in Fig. 2(d))

(b) ρ=2ρ0 (𝐾𝐾𝑡𝑡 =2.90 in Fig. 2(d))

(b) ρ=3ρ0 (𝐾𝐾𝑡𝑡 =2.40 in Fig. 2(d))

(d) Notched bar

FIGURE 2 Three types of bolt specimens with different thread shapes

Figure 3 illustrates the assembled state of a bolt nut connection in the fatigue
experiment. As shown in Figure 3, the bolt head side and the nut side are in the two
different frames on the device. The lower side frame is fixed on the machine, and the
upper side subjects to a cyclic loading F. Table 1 shows the bolt-nut materials JIS
SCM435 steel and JIS S45C steel. Similar to the previous papers (Noda et al., 2016;
Chen et al., 2016), a 392kN (400 ton) servo fatigue tester is used, the frequency is set
to 5 or 10 Hz, and the mean load 𝐹𝐹m is 30kN. Esmaeili et al. found that the tightening

torque T can affect the fatigue strength of bolt joints (Esmaeili et al., 2014). To
eliminate the effect of tightening torque T, in the fatigue experiments in this study, the
7

tightening torques T =0. Table 2 shows the loading conditions set in the experiments.
The S-N curve was obtained from the experimental results under five levels of stress
amplitude with a fatigue limit of 2 × 106 cycles.

FIGURE 3 Schematic illustration of fatigue test.
TABLE 1

Material properties of bolt and nut.
Strength
grade

SCM435
(Bolt)
S45C (Nut)
TABLE 2

Elastic
modulus
E [GPa]

30
30
30
30
30

ratio ν

Yield
strength

Tensile
strength

10.9

206

0.3

𝜎𝜎𝑠𝑠𝑠𝑠 [MPa]
800

𝜎𝜎𝐵𝐵 [MPa]

-

206

0.3

530

980

1200

Experimental conditions.

Load (kN)
Mean
load

Poisson’s

Load
amplitude
22.6
18.3
14.1
11.3
8.5

Stress (MPa)
Mean stress

Stress amplitude

𝜎𝜎𝑚𝑚

𝜎𝜎𝑎𝑎

213
213
213
213
213
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160
130
100
80
60

𝑅𝑅 =

𝜎𝜎𝑚𝑚 − 𝜎𝜎𝑎𝑎
𝜎𝜎𝑚𝑚 + 𝜎𝜎𝑎𝑎

0.14
0.24
0.36
0.45
0.56

2.2 Root radius effect on bolt fatigue strength
Aiming at improving the fatigue limit of the bolt and nut connection, a series
of fatigue tests are conducted on the bolt specimen using the designed enlarged bolt
root radius in Figure 2. Compared with the experimental results of the standard bolts,
the effect of the root radius on the fatigue strength is investigated. Figure 4 shows the
S-N curve obtained from the fatigue test of the bolt nut connections with root radii
𝜌𝜌 = 𝜌𝜌0 ，𝜌𝜌 = 2𝜌𝜌0 and 𝜌𝜌 = 3𝜌𝜌0 when the pitch difference (a) α=0μm and (b) α=
μm.

(a) α=0μm

(b) α=15 μm

FIGURE 4 S-N curves for bolt nut connections with different root radii

Figure 4(a) and 4(b) show the experimental fatigue results by varying the root
radius when the pitch difference α =0μm and α =15μm , respectively. From Figure

4(a), when α=0μm, it can be seen that by enlarging the root radius to 𝜌𝜌 = 2𝜌𝜌0 and

𝜌𝜌 = 3𝜌𝜌0 , the fatigue limit of the bolt nut connections increases from 60MPa to 80MPa.
Besides, the fatigue life of 𝜌𝜌 = 3𝜌𝜌0 is 1.54 times and 3.00 times larger than that of
𝜌𝜌 = 2𝜌𝜌0 and 𝜌𝜌 = 𝜌𝜌0 , respectively. From Figure 4(b), when α=15 μm, it can be seen

that the fatigue life of 𝜌𝜌 = 2𝜌𝜌0 was improved more than two times than that of 𝜌𝜌 = 𝜌𝜌0

when the stress amplitude is 130MPa. When increasing the root radius from 𝜌𝜌 = 𝜌𝜌0 to
𝜌𝜌 = 2𝜌𝜌0 , the fatigue limit was improved from 60MPa to 100MPa. The fatigue limit

increases to 110MPa when the root radius increases to 𝜌𝜌 = 3𝜌𝜌0 . That is to say by
enlarging the root radius to 𝜌𝜌 = 2𝜌𝜌0 and 𝜌𝜌 = 3𝜌𝜌0 the fatigue limit of the bolt nut

connections was improved by 67% and 83%, respectively. It may be concluded that
9

enlarging bolt root radius and choosing suitable pitch differences may improve the
fatigue life and fatigue limit of the bolt nut connections efficiently.

2.3 Fatigue strength improvement due to the pitch difference as well as the root
radius enlargement
In the authors’ previous papers, the pitch difference was discussed to improve the
fatigue strength experimentally and theoretically (Noda et al., 2016; Chen et al., 2016).
In this paper, therefore, the effect of root radius on the fatigue life and fatigue limit is
discussed for the pitch difference bolt connections. Figure 5 shows the S-N curves of
bolt nut connections when 𝜌𝜌 = 1𝜌𝜌0 and 𝜌𝜌 = 2𝜌𝜌0 under α =0 and α =15μm. In

Figure 6, when 𝜌𝜌 = 𝜌𝜌0 with increasing the pitch difference from α = 0 μm to α = 15 μm,

the fatigue life can be significantly improved although the fatigue limit remains the
same. For example, the fatigue life for a bolt with a root radius of 𝜌𝜌 = 2𝜌𝜌0 is twice

than that of the bolt with a root radius of 𝜌𝜌 = 𝜌𝜌0 when α = 0μm, and besides, the

fatigue limit is improved from 60MPa to 80MPa by 33%. Moreover, by introducing a

pitch difference of α = 15 μm and enlarging the root radius to 𝜌𝜌 = 2𝜌𝜌0 , the fatigue limit
is improved by 67%, and besides, the fatigue life is improved by 162% when the stress

amplitude is 160MPa. In a word, both the fatigue life and fatigue limit of bolt nut
connections can be significantly enhanced by enlarging the root radius and introducing
an appropriate pitch difference between the bolt and the nut at the same time.

10

FIGURE 5 S-N curves for bolt nut connections when α=0 and α=15 μm.
2.4 Crack observation
Figure 6 (a)~(d) illustrates the crack configuration observed from the bolt outer
surface after the fatigue experiments. When α = 0, as shown in Figure 6(a) and 6(b), a
crack is observed only at No.1 to No.3 threads. Then, the crack at No.1 or No.2 thread
propagates and causes the final bolt fracture at the same thread without extending to
other threads.
On the other hand, when α = 15 µm, as shown in Figure 6(c) and 6(d), cracks can
be observed between No. 2 and No. 7. When α = 15μm, an initial crack generates at No.
6 or No. 7 thread and propagates at the thread. Then, another crack occurs at No. 5, No.
4….toward No. 1 thread sequentially until causing the final bolt failure. The sequential
crack extension is caused by the crack initiation and propagation at each thread, which
changes the thread contact state between the bolt and nut due to the pitch difference
(Noda et al., 2016).
Figure 6 (e), (f) shows an example of the bolt thread surface with the nut cross
section after the fatigue tests when 𝜎𝜎𝑚𝑚 = 213MPa and 𝜎𝜎𝑎𝑎 = 130MPa. As shown in
Figure 2, increasing the root radius of the bolt thread necessitates truncating the internal

thread, which may reduce the shear strength of the bolt thread. However, the thread
surface status of 𝛼𝛼 = 15μm is nearly the same in Figure 6 (e) when 𝜌𝜌 = 1𝜌𝜌0 and in
11

Figure 6 (f) when 𝜌𝜌 = 2𝜌𝜌0 . No thread stripping can be seen within this fatigue strength
study by enlarging thread root radius. Although slight wear can be seen at the nut thread

in Figure 6 (f), the wear site is far away from the crack initiation site in Figure 6 (c) at
No.5 thread root. It should be noted that in this study, high strength nut with a height of
16mm are used. For common M16, of which the nut height is 13mm and the yield
strength is lower than that used in this study, more works are needed to check if thread
stripping occurs or not.

(a) 𝜌𝜌=2𝜌𝜌0, 𝛼𝛼=0 μm (𝜎𝜎a=130 MPa)

(b) 𝜌𝜌=3𝜌𝜌0, 𝛼𝛼=0 μm (𝜎𝜎a=160 MPa)

(c) 𝜌𝜌=2𝜌𝜌0, 𝛼𝛼=15 μm (σa=130 MPa)

(d) 𝜌𝜌=3𝜌𝜌0, 𝛼𝛼=15 μm (σa=160 MPa).

(f) 𝜌𝜌=2𝜌𝜌0, 𝛼𝛼=15 μm (𝜎𝜎a=130 MPa)
(e) 𝜌𝜌=𝜌𝜌0, 𝛼𝛼=15 μm (𝜎𝜎a=130 MPa)
FIGURE 6 Crack configuration observed from the fractured specimen surface.
3 Stress analysis of the bolt thread roots
3.1 FEM model and boundary conditions
12

The stress at the thread root is calculated by applying the FEM software
MSC.Marc/Mentat, 2012. Figure 7 shows an example of FEM mesh used in
axisymmetric analysis where 4-node QUAD elements are used, and the minimum
element size near the bolt root is about 0.01 mm x 0.01 mm. The material properties are
shown in Table 1. The elasto-plastic analysis of the FEM model is performed under the
same loading conditions as the experiments. The bolt head side of the clamped body is
fixed, and axial force 𝐹𝐹 = 30 ± 14.1 kN is applied to the bolt head. Thus, the

corresponding stress amplitude and the nominal stress amplitude at the bolt roots are
𝜎𝜎a=213 MPa and 𝜎𝜎m=100 MPa, respectively.

FIGURE 7 Axisymmetric FEM model when 𝜌𝜌 = 1𝜌𝜌0 , 𝛼𝛼 = 0.

3.2 Stress amplitude at bolt thread roots with the same pitch differences
Figure 8 shows the endurance limit diagrams with the Soderberg line of the plane
specimen. Here, 𝜎𝜎w represents the fatigue strength under reversal stress 𝜎𝜎m =0 and 𝜎𝜎sl
is the yield strength. The maximum tangential stress at each thread obtained by the FEM

is plotted in terms of the stress amplitude 𝜎𝜎a = (𝜎𝜎max - 𝜎𝜎min) / 2 and the mean stress 𝜎𝜎m

= (𝜎𝜎max + 𝜎𝜎min) / 2.

Due to no stress gradient in plain specimens, the fracture stress

in notched specimens is always larger than that in the plain specimens. Therefore, it
should be noted that the stress data plotted beyond the line ( (𝜎𝜎m/𝜎𝜎sl )+(𝜎𝜎a/𝜎𝜎w) >1 )

does not represent the real fracture at the bolt thread. Several previous studies
investigated the endurance limit after a certain amount of mean stress level (Gunn,
1955; Burguete et al., 1995; Munn et al., 2010; Hashimura et al., 2019). In this paper,
13

the Soderberg line of plain specimen is used to discuss the relative hazard at the bolt
roots.

(a) 𝜌𝜌=𝜌𝜌0, 2𝜌𝜌0 when α=0µm
(b) 𝜌𝜌=𝜌𝜌0, 2𝜌𝜌0 when 𝛼𝛼=15µm
FIGURE 8 Endurance limit diagram when Fa=14.1kN
When 𝛼𝛼=0, from Figure 8(a), the most dangerous part locates at No.2 thread. By

enlarging the root radius from 𝜌𝜌 = 𝜌𝜌0 to 𝜌𝜌 = 2𝜌𝜌0 , at No.2 thread, the mean stress

decreases by about 6% and the stress amplitude decreases by about 38%. When α =

15μm, from Figure 8(b), the most dangerous part locates around No.6 and No.7 threads
of the bolt. By enlarging the root radius from 𝜌𝜌 = 𝜌𝜌0 to 𝜌𝜌 = 2𝜌𝜌0 , at No. 6 thread, the
mean stress decreases by about 8% and the stress amplitude decreases by about 26%.
The same trend can be found when the pitch differenceα =33μm. Those analytical
results in Figure 8 are in good agreement with the fracture surface observation in Figure
6. For bolt nut connections without pitch difference 𝛼𝛼=0, both initial cracks and final

breaks of the bolt occur at No. 2 thread close to the bolt head side. For bolt nut
connections with pitch differences α ≠0, the initial crack occurs No. 6 and No. 7 threads

far from the bolt head and then extend to No. 2 thread near the bolt head side, where
the final break occurs.
3.3 Stress amplitude on bolt roots with different pitch differences
Figure 9 is an endurance limit diagram obtained using the analytical results. Here,
the mean stresses and stress amplitude under two different kinds of pitch difference
when root radius 𝜌𝜌 = 𝜌𝜌0 and 𝜌𝜌 = 2𝜌𝜌0 are compared. From Figure 9, it can be seen
14

that when increasing the pitch difference from α = 15μm to α = 33μm, the stress
distributions for the bolt with a root radius of 𝜌𝜌 = 𝜌𝜌0 and 𝜌𝜌 = 2𝜌𝜌0 are the same. The

maximum stress amplitude and the mean stress occurred at the side far from the bolt
head are consistent with the experimental results.

(a)

𝜌𝜌 = 𝜌𝜌0 when 𝛼𝛼=15µm and 33µm

(b) 𝜌𝜌 = 2𝜌𝜌0 when 𝛼𝛼=15µm and 33µm

FIGURE 9 Endurance limit diagram when Fa=14.1kN

4 Anti-loosening performance under the large root radius
In the above sections, the fatigue limit improvement was experimentally verified,
and the stress reduction was analytically clarified by enlarging the thread root radius 𝜌𝜌

and providing suitable pitch difference 𝛼𝛼. However, those results can be expected only
when the nut loosening does not happen. In this section, therefore, anti-loosening is

confirmed by applying three-dimensional FEM simulation to the nut screwing and
tightening processes.

15

FIGURE 10 Illustration of the screwing, tightening, untightening, and unscrewing of
pitch difference nut.

4.1 Analysis method
Figure 10 illustrates the nut screwing process from A to D, and the nut tightening
process from E to G. Figure 10 also illustrates the nut untightening process from Gu to
Eu and the nut unscrewing process from Du to Au. When the pitch difference α=0, the

prevailing torque 𝑇𝑇𝑃𝑃 required in the nut screwing is zero as 𝑇𝑇𝑃𝑃 =0, but when α ≠
0, the prevailing torque 𝑇𝑇𝑃𝑃 is no longer 0 as 𝑇𝑇𝑃𝑃 ≠ 0. This prevailing torque 𝑇𝑇𝑃𝑃 is

commonly used to characterize the anti-loosening performance of bolt nut connections.
As an example, Eccles et al. explained that all prevailing torque type nuts detach from
the bolt when the external load is larger than the bolt tightening force (Eccles et al.,
2010). Under a larger tightening force, therefore, the prevailing torque type nuts can be
used safer.
This paper discusses the effect of the root radius on the anti-loosening
performance focusing on the prevailing torque obtained from the three-dimensional
FEM simulation. To clarify the impact of root radius on loosening performance, the
16

dimensions of M16 bolt-nut are chosen to be the same. The length of the bolts used for
anti-loosening experiments is 76mm, and the thread length and the grip length are
42mm and 18mm, respectively. The recent study showed the 3D FEM results are in
good agreement with the experimental results for JIS M12 bolt-nuts (Noda et al., 2019).
Three-dimensional FEM models were simulated by ANSYS WORKBENCH 16.2.
As shown in Figure 11, the bolt head and the nut shapes are simplified by cylinders to
save the calculation time. Figure 11(a) shows the FEM mesh for M16 bolt-nut when the
pitch difference 𝛼𝛼=0 and the root radius 𝜌𝜌=𝜌𝜌0, and the total element number and the

total node number are 175907 and 346712, respectively. Figure 11(b) shows the
boundary condition assuming the initial nut location at 0.1mm away from the clamped
body. The bolt head and the left side of the clamped body are fixed, and the nut is
screwed onto the bolt in the clockwise tightening direction. The prevailing torque 𝑇𝑇𝑃𝑃

can be obtained before the nut contacts to the clamped body. Since the pitch of a
standard JIS M16 bolt is 2mm, when rotating the nut by the angle 𝜃𝜃=18 degree, the nut

moves to the left by 0.1 mm and touches the clamped body. Previous studies have
proven that the thread friction coefficient 𝜇𝜇𝑠𝑠 is in the range 0.11 to 0.15, and the

underhead friction coefficient 𝜇𝜇𝑤𝑤 is in the range 0.16 to 0.18 (Report V, 1982). In this

study, 𝜇𝜇𝑠𝑠 = 0.12 and 𝜇𝜇𝑤𝑤 = 0.17 are used in the FEM analysis by considering the

previous study where the molybdenum disulfide paste spray was used in the nut
screwing process (Noda et al., 2019).
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(a) FEM mesh model
(b)Boundary conditions.
FIGURE 11 FEM model and boundary conditions for tightening and untightening
process.
After the nut contacts the clamped body, the tightening force 𝐹𝐹𝑡𝑡 v.s. tightening

torque 𝑇𝑇 relation, that is the 𝐹𝐹𝑡𝑡 − 𝑇𝑇 relation can be obtained from point E to point
G in Figure 10. After the tightening process finished, the loosening process can be

analyzed subsequently from point G to point E as shown in Figure 10. The nut rotation
angle θ to produce specified fastening force 𝐹𝐹t25% , which is 25 percent bolt axial

yielding force, cannot be known beforehand. Therefore, the analysis is performed as
shown in the following step (i) and step (ii).

(i) Applying a sufficiently large rotation angle 𝜃𝜃 to the nut. When the rotation

angle θ is sufficiently large, the tensile stress of the bolt may exceed the yield stress.
Thus, a rotation angle 𝜃𝜃25% corresponding to the fastening force 𝐹𝐹𝑡𝑡25% can be
obtained.

(ii) Tightening the nut by using the rotation angle 𝜃𝜃25% obtained in the process

(i). After the tightening force reaches 𝐹𝐹𝑡𝑡25% , untighten the nut by an anti-tightening

angle −𝜃𝜃25% .

4.2 Results and discussion for T- 𝛉𝛉 relation

Figure 12 shows the T - 𝜃𝜃 relation, that is, the tightening torque T versus the nut
18

rotation angle θ relation during the screwing and tightening processes when the bolt
root radius 𝜌𝜌 =1𝜌𝜌0. During the nut screwing, 𝑇𝑇𝑃𝑃 = 0 when α=0; however, 𝑇𝑇𝑃𝑃 ≠ 0
when α ≠0. During the nut tightening, it should be noted that the gradient 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑

varies depending on the pitch difference 𝛼𝛼. The gradient 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 when α=0 is larger

than the gradient 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 when α=33µm. During the entire nut tightening process,

𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 when α=0; however, when α ≠0, the gradient 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 but
the constant value is slightly changed at point F2 as in Figure 12. In Figure 12, the slope
ratio of the lines E1G1, E2F2, and F2G2 are denoted by 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡1 , 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡2 and 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡3 ,
respectively. It is found that the angles have the relation 𝜃𝜃1 > 𝜃𝜃3 > 𝜃𝜃2 . This can be
explained in the following way.

Figure 13 illustrates why the T - 𝜃𝜃 relation can be depicted as shown in Figure 12

by illustrating the thread contact status. From Figure 13, it is seen that when α=0, the

slope ratio is closely related to the clamped body deformation whose height is 𝐻𝐻𝑐𝑐 . This

is because No.1 or No.2 nut thread near the bolt head may carry most of the load.

When 𝛼𝛼 ≠0, however, the slope ratio is closely related to the deformation due to the

clamped body and the nut whose height is 𝐻𝐻𝑐𝑐 + 𝐻𝐻𝑛𝑛 . This is because No.6 or No.7 nut
thread near the nut end may carry most of the load. At the nut position from E2 to the

nut position F2 in Figure 13(b), the thread contact status changes at No. 1 or No. 2 nut
thread. This is the reason why the slope slightly changes at Point F2 in Figure 12. In the
case of Figure 12,
156 degree.

the angle

𝜃𝜃1 = 165 degree > 𝜃𝜃3 = 157 degree > 𝜃𝜃2 =
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FIGURE 12 Relationship between the and tightening torque T and the nut rotation
angle 𝜃𝜃 during the screwing and tightening process when 𝜌𝜌=1𝜌𝜌0

(A) α=0µm
(B) α ≠ 0µm
FIGURE 13 Illustration why the T - 𝜃𝜃 relation can be depicted as shown in Figure 12
during the tightening and untightening processes

4.3 Results and discussion for 𝑭𝑭𝒕𝒕 - 𝑻𝑻 relation

Figure 14 shows the tightening force 𝐹𝐹𝑡𝑡 vs the torque 𝑇𝑇 relation when

𝜌𝜌 = 1𝜌𝜌0 and 𝜌𝜌 = 2𝜌𝜌0 with α = 0 and α =33µm. In the previous study, the authors
conducted impact-vibration test prescribed in NAS3350 (National Aerospace Standard)
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for M16 pitch difference nut. Then, anti-loosening is confirmed for α ≥33µm showing
the prevailing torque 𝑇𝑇𝑃𝑃 = 30 ~39Nm for JIS M16 (Chen et al., 2016). Such good antiloosening was also reported for “U-nut” widely used in the world although U-nut has

relativly smaller prevailing torque 𝑇𝑇𝑃𝑃 =1.5Nm for JIS M12 (Fuji, 2018). Another

special nut named “Super Slit Nut” is also accessible in the market showing 𝑇𝑇𝑃𝑃 = 15Nm

~19Nm for JIS M16 with good anti-loosening (Izumi et al., 2005). As shown in Figure
14, the FEM analysis shows that the pitch difference nut has 𝑇𝑇𝑃𝑃 = 19Nm even when

𝜌𝜌=2𝜌𝜌0, α=33μm. Considering other special nuts such as U-nut and Super Slit Nut, good
anti-loosening performance can be expected for the enlarged root radius of pitch
difference nut considered in this paper.
As shown in Figure 14, when α = 0, the tightening force 𝐹𝐹𝑡𝑡 appears once

𝑇𝑇 applies. However, when α =33µm, the tightening force 𝐹𝐹𝑡𝑡 appears only after the
torque exceeds the prevailing torque as 𝑇𝑇 ≥ 𝑇𝑇𝑝𝑝 . After the tightening force reaches 𝐹𝐹𝑡𝑡 =

𝐹𝐹t25% producing 25% of the bolt yield stress 𝜎𝜎𝑠𝑠𝑠𝑠 =800MPa (see Table 1), untightening
process starts by reversing torque 𝑇𝑇. During this process, tightening force 𝐹𝐹𝑡𝑡 decreases

with decreasing the magnitude of 𝑇𝑇. When α=33μm the magnitude of 𝑇𝑇 is always

larger than that of α = 0. And even when 𝐹𝐹𝑡𝑡 =0 the reverse torque is not zero as 𝑇𝑇=𝑇𝑇𝑝𝑝𝑢𝑢 >
0, which is named as residual prevailing torque and discussed in the recent paper (Noda
et al., 2020). In Figure 14, the light green zone illustrates the difference between α = 0
and α =33µm defined in equation (1). Such torque difference in equation (1) can be
regarded as the looseing resistance torque 𝑇𝑇𝑝𝑝𝑢𝑢 contributing to anti-loosening. (Noda et

al., 2020)

𝑇𝑇𝑃𝑃𝑢𝑢 = |𝑇𝑇𝑃𝑃 |𝛼𝛼≠0 − |𝑇𝑇𝑃𝑃 |𝛼𝛼=0

(1)

As shown in Figure 14(b), when 𝜌𝜌 = 2𝜌𝜌0 and α = 33μm, the light green zone

region 𝑇𝑇𝑝𝑝𝑢𝑢 in equation (1) is comparatively smaller. However both 𝑇𝑇𝑝𝑝 and 𝑇𝑇𝑝𝑝𝑢𝑢 appear
in a similar way of 𝜌𝜌 = 1𝜌𝜌0 and α = 33μm in Figure 14 (a) and those values 𝑇𝑇𝑝𝑝 and

𝑇𝑇𝑝𝑝𝑢𝑢 are not smaller compared to U- nut and Super Slit Nit as described above. The

recent study showed that the looseing resistance torque 𝑇𝑇𝑝𝑝𝑢𝑢 increases with increasing
the pitch difference α as well as the prevailing torque 𝑇𝑇𝑝𝑝 (Noda, 2020).Therefore,

Figure 14(b) suggests that even when the bolt root radius is enlarged, the anti-loosening
performance can be expected under the suitable pitch difference.
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It should be noted that common bolted joints α = 0 are loosening resistant only
when sufficient tightening force 𝐹𝐹𝑡𝑡 is provided; therefore, for example, no loosening
resistance at 𝐹𝐹𝑡𝑡 =0 in Figure 14. Instead, α = 33µm has larger loosening resistance

as 𝑇𝑇𝑃𝑃𝑢𝑢 = |𝑇𝑇𝑃𝑃 |𝛼𝛼≠0 − |𝑇𝑇𝑃𝑃 |𝛼𝛼=0 ≥ 0 and even at 𝐹𝐹𝑡𝑡 =0, 𝑇𝑇𝑃𝑃𝑢𝑢 = 10Nm in Figure 14.

(A) ρ=1ρ0
FIGURE 14 Tightening torque T vs. Clamping force 𝐹𝐹𝑡𝑡

(B) ρ=2ρ0

5 Conclusions

Since the authors’ previous research showed that a slight pitch difference might
improve the fatigue life, in this paper, the effect of root radius on the fatigue limit was
investigated by varying the pitch difference in JIS M16 bolt-nut connections. Although
increasing the root radius of the bolt thread necessitates truncating the internal thread,
which may reduce the shear strength of the bolt thread, no thread stripping can be seen
for the enlarged root radius of the bolt within this experiment. Conclusions can be
summarized as follows.
(1) Fatigue tests were performed when the root radius is twice or three times larger
than the standard bolt-nut root radius. This experiment verified that the fatigue limit
could be improved by more than 30% by enlarging the bolt root radius. The FEM
analysis showed that when the bolt root radius is enlarged, both stress amplitude and
mean stress at each thread root can be reduced significantly.
22

(2) When the root radius is larger than the standard one, the fatigue limit can be
improved further by more than 25% by introducing a suitable pitch difference. When
there is no pitch difference, the crack initiation always occurs at No.1 or No.2 threads
close to the bolt head causing the final failure at the same thread. When there is a pitch
difference, the crack initiation occurs at No.6 or No.7 threads far away from the bolt
head. Then the crack initiation and propagation expand toward the bolt head until the
final failure occurs at No.1 or No.2 threads.
(3) By varying the root radius 𝜌𝜌 and the pitch differences α, 𝐹𝐹𝑡𝑡 − 𝑇𝑇 relation, that

is, the clamping force 𝐹𝐹𝑡𝑡 vs. the tightening torque T relation, was clarified by applying

3D FEM. When 𝜌𝜌 = 2𝜌𝜌0 and α=33µm, it was confirmed that the prevailing torque

𝑇𝑇𝑃𝑃 = 19Nm and the residual prevailing torque 𝑇𝑇𝑃𝑃𝑢𝑢 = 10Nm even at 𝐹𝐹𝑡𝑡 =0. Since those
values are not smaller compared to other special nuts, good anti-loosening performance

can be expected for the enlarged root radius of bolt-nut connections under the suitable
pitch difference.
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