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Abstract 

Bolt nut connections are widely used to connect mechanical elements in the industry 

because they are easy to install, remove and maintain. When subjected to complex 

working environments, failure of bolt nut connections may happen and even cause 

accidents. For example, the transverse load may cause self-loosening of the bolt nut 

connections, and cyclic axial load may cause fatigue failure of the bolt nut connections. 

Therefore, bolt nut connections with high fatigue strength, anti-loosening performance, 

and low cost are always needed.  

In our teams’ previous researches, it has been found that both fatigue life and anti-

loosening performance of the bolt nut connections can be improved by introducing a 

pitch difference between the nut and the bolt. For pitch difference bolt nut connections, 

the load distribution gradually decreases from the free side to the clamped side of the 

nut rather than decreases from the clamped side to the free side of the nut as common 

bolt nut connections, and this is the reason why the fatigue life of pitch difference nut 

can be improved. Besides, when the pitch difference is large enough, a prevailing torque, 

which is commonly used for anti-loosening, will occur and prevent the nut from self-

loosening effectively. However, when the pitch difference is small, the fatigue life can 

be improved significantly, and the improvement of anti-loosening performance is 

limited. On the other hand, when the pitch difference is relatively large, the bolt nut 

connections show excellent anti-loosening performance and the improvement of fatigue 

life is much smaller than that when the pitch difference is small. In one word, significant 

improvement of the fatigue life and anti-loosening performance cannot be achieved at 

the same time only by introducing a pitch difference to a common bolt nut connection. 

In this study, the mechanism of anti-loosening performance of pitch difference bolt 

nut connections is investigated. Besides, the effect of some geometric aspects of pitch 

difference bolt nut connections, such as thread root radius and nut height, are 

investigated to obtain high fatigue life and excellent anti-loosening performance at the 

same time. This thesis is composed of a total of 5 chapters and organized as follows. 

In Chapter 1, the history of bolt nut connections and some typical failures of bolt nut 

connections are introduced. Besides, previous researchers’ efforts on improving fatigue 

life and anti-loosening performance of bolt nut connections are summarized. In addition, 

previous researches on pitch difference nut of our team are introduced.  

In Chapter 2, the mechanism of anti-loosening performance of the pitch difference 

nut is studied by Junker experiments and finite element simulation. Loosening 

experiments of M12 bolt nut connection with a pitch difference of 𝛼=0, 30, 40, 50μm 

are done by Junker’s type loosening test. According to DIN 25201, when the baseline 

fastener loosens after 300 ± 100 cycles vibration, and the residual axial force of the 

test specimen is no less than 80% with 2000 vibration cycles, the anti-loosening 

performance of the test specimen can be regarded as excellent. It is found that 𝛼 = 40, 

50μm meet the standard. Although 𝛼 = 35μm does not meet the criteria, the clamping 

force 𝐹 = 4.0kN  22%%  is maintained at vibration number 𝑛  =1500, and the 

loosening resistance is substantially maintained. The relationship between clamping 
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force and tightening torque 2 𝐹 − 𝑇  relation  and the loosening process of pitch 

difference nuts are analyzed FEM. It is found that at the early stage of vibration, the 

elastic energy releases and the clamping force decreases fast. With the loosening of the 

nut, two sides of the nut contact the bolt thread. Owing to the elastic energy stored 

between two ends of the nut, a tightening process occurs and the tightening angle in 

every cycle increases with the decrease of clamping force. Thus, the decrease rate of 

the clamping force becomes slower with the increasing the vibration number, when the 

clamping force decreases to a certain value, the tightening angle almost equals to the 

loosening angle in one vibration cycle, i.e., a residual clamping force and a residual 

prevailing torque remains steady and loosening of the bolt nut connection will not 

continue. 

In Chapter 3, the effects of thread root radius on fatigue and anti-loosening 

performance of pitch difference nut are studied experimentally and analytically for M16 

bolt nut connections. It is found that by enlarging the root radius from 𝜌0 to 2𝜌0, the 

fatigue life of bolt nut connections can be improved by more than 30% because both 

stress amplitude and mean stress at the thread roots can be reduced. In addition, by 

introducing a suitable pitch difference between the root radii enlarged bolt-nut 

connections, the fatigue limit can be further improved by 25%. This is because when 

no pitch difference, the crack initiation always occurs at 𝑁𝑜.1 or 𝑁𝑜. 2 threads close 

to the bolt head, causing the final failure; however, under a suitable pitch difference, 

the crack initiation occurs at 𝑁𝑜.6 or 𝑁𝑜.% threads far away from the bolt head. Good 

anti-loosening performance can be expected for the bolt-nut connections having 

enlarged root radius because the prevailing torque 𝑇𝑃 = 1NNm and the residual 

prevailing torque 𝑇𝑃
𝑢 = 10Nm are not smaller compared to other special bolt-nut 

connections. Since those values are not smaller compared to other special nuts such as 

U-Nut and Super Slit Nut, good anti-loosening performance can be expected for the 

enlarged root radius of bolt-nut connections under the suitable pitch difference. 

In Chapter 4, the effect of nut height on anti-loosening performance and fatigue life 

of M12 bolt nut connections having a pitch difference between the nut and the bolt is 

investigated in this study. The relations between tightening torque and clamping force 

under different nut heights and pitch differences are obtained by experiments and finite 

element analysis. It has been found the anti-loosening property for pitch difference bolt 

nut connections depends on the produce of pitch difference and thread number n. 

Besides, the stresses at the thread roots of the bolt are analyzed using the axisymmetric 

model. When the pitch difference is less than 25μm, the fatigue life increment remains 

steady if increasing the nut height from 10.5mm to 14.0mm. It can be concluded that 

by increasing the nut height and decreasing the pitch difference at the same time, a 

better combination of anti-loosening performance and fatigue properties can be 

obtained. 

Chapter 5 provides the major conclusions, the most significant outcomes and 

contributions, and suggestions for future works. 
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Chapter 1. Introduction 

1.1 Background 

Bolt nut connection is one of the most essential and widely used elements in 

industries such as large aircraft, large power generation equipment, automobiles, high-

speed trains, large ships. Therefore, in many cases, the working environment of bolt nut 

connections is complex. To ensure the safety of the structures connected by bolt nut 

connections, cheap bolt nut connections with excellent anti-loosening performance and 

high fatigue strength are always needed.  

Structures with a screw shape have been used for over 2000 years. The record of 

usage of bolted joints can date back to 15th century [1]. At the early time, screws are 

made by hand. In 1%60, Job and William Waytt patented a design that can be used to 

produce screws automatically, and opend a factory to produce screws 16 years later. In 

1%N%, Henry Maudsley invented a large screw cutting lathe that can be used to produce 

accurately sized screws massively. However, the biggest problem then was there was 

no uniform standard for screws. 

In 1N41, Joseph Whitworth British published a paper in the Institution of Civil 

Engineers, designed a thread form and was accepted by Engineering Standards 

Association. This kind thread shape is so called British Standard Fine 2BSF  thread 

form, as shown in Fig. 1.1, and have been using until now [2]. The thread angle of BSF 

is 55 degree. In 1N64, William Sellers developed the published a thread form [3], and it 

was accepted as United States Standard 2USS  thread in 18N8 and no longer supported 

now. The thread angle of this type of thread is 60 degrees. In 1N4%, the International 

Organization for Standardization 2ISO  thread was accepted, see Fig. 1.2, and it is the 

most commonly used thread worldwide. The thread angle of ISO thread is also 60 

degrees. 

 

Fig. 1.1 British Standard Whitworth 2BSW  thread dimensions 
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Fig. 1.2 ISO, DIN, AS, JIS thread dimensions 

 

However, these standard threads can not meet the requirement for some special use 

of bolt nut connections. Researches on threads have always been a topic for engineers. 

When subjecting cyclic axial force, fatigue failure may happen. When subjecting 

transverse load, self-loosening may happen. Besides, special cases like impact, drastic 

temperature changes can also cause the failure of bolted joints. 

Accidents caused by failure of bolted joints are sometimes happening. According to 

the report by Petroleum Safety Authority in 201N, about 3% of incidents in their 

database are related to bolts [4]. In 1N%N, the roof of the stadium under construction in 

Kansas City, US collapsed, and killed 5 workmen. Failure of the high-strength bolt nut 

connections under wind load is the reason of this accident. In 2015, a wind turbine in 

Lemnhult, Sweden collapsed because of fatigue failure of bolt nut connections, see Fig. 

1.3. 

According to a survey by Campbell et al., about 25% of wing accidents of aircraft 

are related to screws [5]. In 2013, an aircraft in Oita, Japan caught fire in the right 

engine, the report by Japan Transport Safety Board says the reason maybe the loosening 

of the B nut connection the right engine manifold and the injector 𝑁𝑜.14, see Fig. 1.4 

[6]. In 2014, an accident during helicopter maintenance check flight happened because 

loosening of B-Nut. In April 2015, an airplane in Offutt Air Force base, Nebraska, US 

caught fire caused a loss of 64.2 million US dollars, and the reason for this accident is 

loosening of a nut connecting oxygen tubing [%].  
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Fig. 1.3 Accident of wind turbine in Lemnhult, Sweden caused by fatigue failure of 

bolt nut connections. 

 

Fig. 1.4 Exterior view of the right engine in the accident of JA206J airplane 

1.2 Previous researches on fatigue of bolt nut connections 

Since fatigue failure of bolted joints causes failure of structures and even major 

accident industry, many efforts have been made to improve fatigue life of bolted joints. 
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These studies on fatigue properties of bolted joints can be roughly divided into four 

types, using washers, size or thread shape changing of bolts, improving manufacturing 

method, and special post treatment process. 

1.2.1 Effect of washers on fatigue 

Majzoobi et al. did a series of experiments about washer effects on fatigue life of bolt 

nut connections [8]. According to the experimental results, the fatigue life of bolt nut 

connections with washers is almost 2 times longer than that of bolt nut connections 

without washers. Silva et al. investigated the effect of the material of plain washer on 

the fatigue life of bolted joints and found that the fatigue life of bolt nut connections 

with 304 stainless steel washers is longer than that of connections with carbon steel 

washers [N]. Ji found that the fatigue life of bolt nut connections can be significantly 

improved by putting a ceramic gasket under the nut [10]. 

1.2.2 Effect of bolt or thread shape on fatigue 

Griza et al. investigated bolt length effect on M24 studs, and found that increasing 

the bolt length can increase the fatigue strength of the joint [11]. It is considered that 

the bolt stiffness is reduced by increasing the length of the bolt. 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 [12]. 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 fatigue limits and fatigue strength of the materials can 

be improved [13,14]. 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 [15]. Dragoni investigated the effect of pitch difference on the fatigue life of 

steel bolted connections and found that for small bolts of low-grade steel the fatigue 

life slightly increases with decreasing the pitch and remarkably increasing the 

endurance load of large bolts made by high-grade steel with increasing the pitch [16]. 

Majzoobi et al. also investigated the effect of pitch on the fatigue life of bolted joints, 

and found that ISO standard coarse threaded bolts have a higher fatigue life than the 

fine threaded bolt [1%]. 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 [18]. Honarmandi et al. investigated the thread root 

shape effect on fatigue life of bolt nut connections by using four different thread root 

shapes; triangular thread, trapezoidal thread, negative buttress thread, and positive 

buttress thread, shown in Fig. 1.5 [1N]. The FE analysis shows that the stress 

concentration factor 𝐾𝑡  at the thread for positive buttress thread, triangular thread, 

negative buttress thread, and Trapezoidal thread is 3.%5, 3.34, 3.16 and 2.5N, 

respectively. The experimental results show that for the four types of thread root shapes, 

the larger the 𝐾𝑡 is, the shorter the fatigue life of the bolt nut connection is. It is well 

known that for common bolt nut connections, the stress distributions at the bolt thread 
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root gradully decreases from the bearing surface side to the free end side. Thus, the 

maximum stress always occurs at the first engaged thread. Therefore, if the 𝐾𝑡 at the 

first thread can be reduced, the fatigue life is supposed to be extended. Nishida et al. 

investigated the effect of thread shape, root radius and material on fatigue life, and 

proposed a kind of bolt, named CD bolt 2Critical Design for Fracture , shown in Fig. 

1.6. It is found that the fatigue life for CD bolt is about twice that of common bolts 

[20,21]. In Honarmandi’s study [1N], this method is called Fatigue Bolt Improvement 

method, but in fact, it is almost the same as CD bolt, the only difference between them 

is the gradient of the CD shaping. For a common bolt nut connection, fracture 

sometimes happens at the runout of the bolt, so the thread runout should be gradual to 

decrease the stress concentration, as shown in Fig. 1.%2a  [22]. Besides, when tapering 

the nut at the bearing side at a 15-degree angle, the fatigue life can be improved by 20%. 

 

 

Fig. 1.5 thread root shapes 2a  triangular 2b  trapezoidal 2c  negative buttress 2d  

positive buttress 

 

 
Fig. 1.6 Typical shape of CD bolt 
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2a  Thread runout tapering 2b  Tapering at the bearing side of the nut 

Fig. 1.7 Tapering at the runout and the bearing side of the nut 

 

1.2.3 Effect of the manufacturing process on fatigue 

There are many methods to manufacture threads. It is widely accepted that the fatigue 

life of rolled bolt nut connections is longer than that of bolt nut connections made by 

cutting. In the rolling process, a compressive residual stress occurs in the thread, thus, 

the hardness of the thread increases gradually from the bolt axial to the thread root, as 

shown in Fig. 1.8 and Fig. 1.N [23]. Knight et al. found that modifying the thread root 

by cold deformation process may reduce the stress concentration factor and surface 

residual compressive stresses improving the fatigue life [24]. There are some micro-

cracks occur in the thread manufacturing process. Liu et al. found that reducing these 

micro-cracks can effectively improve the fatigue performance of the bolted joints 

[25,26]. There are several different processes when manufacturing thread, and heat 

treatment is a common way to improve fatigue properties. Ifergane et al investigated 

the effect of rolling and heat treatment effect on fatigue properties by experiments. Four 

types of threads are used, cold rolling before heat treatment, cold rolling after heat 

treatment, machining before heat treatment, machining after treatment. Among the four 

methods, cold rolling after heat treatment can get the maximum fatigue lifetime [2%,28]. 

There are some other researchers studied the order effect of the manufacturing process 

on fatigue, the conclusions are the same as above, the fatigue life of the threads rolled 

after heat treatment is longer than the threads rolled before heat treatment. In addition, 

the fatigue strength of the threads rolled after heat treatment is also much larger than 

the that of the threads rolled before heat treatment [2N,30]. Recent years, ultrasonic 

thread root rolling technology has widely used in industry. Cheng et al. found that 

fatigue life of the bolt made by ultrasonic rolling technology can be 5 times as long as 

the bolt without using this technology [31,32].  
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(a)                                2b  

Fig. 1.8 Microstructure of specimens with thread 2a  by cutting 2b by rolling 

 
2a                           2b  

Fig. 1.9 Microhardness of specimens with thread 2a  by cutting 2b by rolling 

1.2.4 Effect of post treatment process on fatigue 

Surface peening treatment is a popular research field in recent years and can be used 

to improve fatigue life of materials [33–36]. Therefore, some researcher tried this 

technology on bolt treatment. Shen et al. found that fine particle peening may improve 

the fatigue life because of eliminating the influential tool marks on the bolt head fillet, 

decreasing the surface roughness and improving the hardness [3%]. Zhan et al. found 

that the fatigue life can be improved by 8%.8% by using shot peening treatment of a nut 

[38]. Besides, Sun et al. found that the fatigue life of threads can be improved by using 

plasma nitriding treatment [3N]. 

1.3 Previous researches on anti-loosening of bolt nut connections 

Junker found that for bolt nut connections, dynamic loads in the transverse direction 

are more likely to cause loosening failure than forces in the axial direction [40]. Junker 

test has been adopted into international fastener standards and is widely used worldwide 

[41–43]. Indeed, other factors such as dynamic axial force [44], thermal stress [45,46], 

dynamic bending moment [4%], and impact loads [48,4N] can also cause loosening of 

bolt nut connections, these special factors are not taken into consideration.  

There are many researches available focusing on improving anti-loosening 
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performance of bolt nut connections. These methods can be simply divided into three 

kinds, i.e., using special washers, changing nut, changing bolt geometry. 

1.3.1 Washer effects on anti-loosening 

There are many kinds of washers available in the market. Some typical types of 

washers are shown in Fig. 1.10 Nord lock washer, which uses a pair of washers with 

cams and radial serrations on their two sides, can utilize tension instead of friction to 

prevent loosening of bolt nut connections because the cam inclination is greater than 

the thread of the bolt [50,51]. Sawa et al. [51,52] did a series of loosening experiments 

about different types of M12 nuts and washers by using Junker’s type loosening 

machine, and it is found that the anti-loosening performances of a bolt nut connections 

without a plate washer, spring washer, toothed washer or Nord lock washer is worse 

than that of bolt nut connections with a washer. Besides, the anti-loosening performance 

of different types of washers depends on the bolt preload. Among all the four types of 

washers, the anti-loosening performance of spring washers is the worst, but still much 

better than that of bolt nut connections without a washer. Moreover, when the preload 

is relatively small, plate washer shows better anti-loosening performance than toothed 

washer and Nordlock washer; when the preload is large, the anti-loosening performance 

is better than that of the toothed washer and plate washer. Dravid et al. [53] also found 

that the plain washer has a better anti-loosening performance than a spring washer. 

NBK group [54] invented a type of eccentric lock washer, it shows better anti-loosening 

performance compared to plate washer and spring washer. Panja [55] found that outside 

serrated toothed washer has better loosening resistance ability compared to the inside 

serrated toothed washer. 

 

Fig. 1.10 Different types of washers 
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1.3.2 Nut geometry effect on anti-loosening 

The second method is changing the nut geometry. Fig. 1.11 shows some typical types 

of geometry changed anti-loosening nut. As shown in Fig. 1.112a , a flange nut is a nut 

with a wide flange at the bearing side of the nut, and this flange acts as a washer. Besides, 

the bearing surface side of the flange is usually a serrated shape. Thus, the serrated 

shape flange can resist the loosening of the nut. It is reported that 110 percent of the 

tightening torque is needed to loosen them [56]. Flange nuts are mostly used for wood 

and plastic. Slotted nut, also known as castelled nut, has some slots on the free end side 

of the nut, and is usually used together with a pin. This type of nuts is extremely well 

for low-torque applications [56]. Saper lock nut is a kind of wire inserted nut and is 

widely used in industries such as transportation, bridges [5%]. Different from the 

common nut, this type of nuts can be reused several times. Since there is a spring 

inserted in the thread, when vibrating the bolted joints, the loosening energy can be 

absorbed and transfer to a locking torque. Except for the anti-loosening nut above, 

prevailing torque is also widely used for anti-loosening [58]. Nylon insert nut, super 

slit nut, U nut, Outer cap nut, and super lock nut shown in Fig. 11 are all prevailing 

torque nuts. For prevailing torque type nuts, the prevailing torque after several times of 

usage is usually smaller than the prevailing torque for the first usage. For example, 

detailed values of the prevailing torque of U nut after usage can be found from the 

official website of Fuji Seimitsu. The experimental results of anti-loosening 

performance are different, even for the same kind of nuts. For example, the percentage 

of residual clamping force for Nylon insert nut is different from the papers 

cited[51,52,55,5N]. This may because the materials and experimental conditions are 

different. Therefore, the anti-loosening nuts should follow the manual of the products. 

Daiki industry and Tokyo university developed a kind of nut name Super Slit Nut 2SSN , 

part of the nut is cut, and the thinner part of the nut is pressed to deformation. For M12 

SSN, the experimental results and FEM results of prevailing torque are between 15Nm 

and 1NNm, and the anti-loosening performance of SSN is much better than that of 

common nut [60]. Nishiyama et al. designed a kind of nut, named Hyper Lock Nut 

2HLN  [61]. The shape of HLN is similar to SSB, both of the two types of nut has a cut 

part as shown in Fig. 1.112e , and the different part is, for HLN, instead of pressing the 

thinner part of nut to plastic deformation, very small part of the bearing surface side of 

the nut is cut, the included angle of the cutting surface and the bearing surface is 1 

degree. HLN can provide good anti-loosening performance without a complicated 

tightening process. U nut is a type of prevailing torque type nut which is widely used 

in the whole world [62]. As shown in Fig. 1.112f , U nut is made of two parts, a nut and 

a friction ring 2special spring . The friction ring is fixed to the upper surface of the nut 

by caulking and integrated. When the friction ring comes into contact with the thread 

of the bolt and the state shown on the left is reached, stress P is generated due to the 

spring action. Along with the reaction force P' again, the thread of the bolt is strongly 

pressed to generate friction torque 2preveling torque  that prevents free rotation. 

Aparting from this, there are many kinds of anti-loosening nut similar to U nut, for 
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instants, V nut 2COMWELL Fujisawa Co., Ltd. , E lock nut 2Osaka Forming Co., Ltd , 

Cosumolock nut 2KOSUMOROKKU , Precision Lock Nut 2Nikki Trading Corp.  

available in the market. Fig. 1.112g  shows the outer cap nut. Initially, this outer cap nut 

can be rotated smoothly by hand until the nut touches the fixing plate. However, 

loosening prevention performance can be achieved by deforming the outer cap after 

tightening the outer cap nut and generating the contact force of the screw in the outer 

cap area [63]. Fig. 22h  shows the super lock nut. There is a thin tube between the upper 

and lower parts, which can be deformed along the axial direction, so that phase-

difference of lowers and needle threads are generated. Due to this phase difference, 

opposite forces are applied to the surfaces of the upper and lower parts, and loosening 

prevention performance is exhibited [64]. 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 [65]. 

 

Fig. 1.11 Some typical types of anti-loosening nut 
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1.3.3 Bolt geometry effect on anti-loosening 

  The third method for anti-loosening is changing the bolt thread geometry. Sase et al. 

developed and optimized a bolt named step lock bolt (SLB) which aims at preventing 

bolt torsion [66,67]. The thread is alternately composed of the stepped part and inclined 

part, as shown in Fig. 1.12(a). Excellent anti-loosening performance of SLB has been 

confirmed by a displacement based loosening test. Another effective way of anti-

loosening is using a double thread, named as Double Thread Bolt (DTB), also known 

as Dual Threaded Bolt. Takemasu developed a kind of DTB, for which the pitch ratio 

of the coarse thread and the fine thread is 2:1. The anti-loosening performance was 

confirmed by using a vibration test based on NAS3354, after over 10 million cycles of 

vibration, neither a crack or any damage was observed, this proved the excellent anti-

loosening of the rolled DTB [68]. Shinbutsu et al. designed a new type of DTB, called 

DTB-II thread, which composed of a coarse single thread and coarse multiple threads, 

and it is found that the anti-loosening performance of this kind of threads is much better 

than conventional DTB-I thread [68–%0]. The DTB is now available in the market, and 

its product name is Perfect Lock Bolt.  

 

Fig. 1.12 Examples of bolt thread changed structures 
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Gong et al. designed a novel anti-loosening structure, shown in Fig. 1.122c . For the 

newly proposed thread structure, both internal and external threads are changed, it is 

considered that the modified thread shape can effectively inhibit relative sliding along 

the radial direction. The Junker test results showed that the axial clamping force is even 

smaller larger after the vibration test [%1]. Fig. 1.122d  shows the basic structure of a 

famous anti-loosening bolt in China, named Tang thread bolt [%2,%3]. For a tang thread 

bolt, the upper side is a left hand nut, and the lower side is a right hand side. The upper 

nut can stop the loosening of the lower side nut under vibration. 

1.4 Previous researches on pitch difference nut of our team 

  Xiao et al. studied pitch difference effect on fatigue strength and anti-loosening 

performance of Tapering Thread Bolt 2CD bolt  for M12 bolt nut connections [%4]. 

However, different from common bolt nut connections, the clearances of the specimens 

used are set as 0. By using axis-symmetric finite element analysis, it is found that when 

there is a suitable pitch difference between the nut and the bolt, the maximum stress at 

the thread root can be reduced by 28.6% compared to that of common M12 bolt nut 

connections. Besides, for CD bolt and nut, the maximum stress at thread root can be 

further reduced by 4.5%. Moreover, it is found that the prevailing torque increases with 

the increase of pitch difference, which means the anti-loosening performance can be 

better. For the M12 bolt nut connections used in this study, when the pitch difference 

increases from 1μm to 5μm, the prevailing torque increases from 4.N3Nm to 24.6%Nm, 

accordingly. According to Izumi et al.’s research on Super Lock Nut [60], when the 

prevailing torque reaches to 13.5Nm, the anti-loosening performance is good enough.  

  Akaishi et al. studied the effect of slight pitch difference on fatigue strength of M16 

bolt nut connections [%5]. The pitch differences used are 0μm, 5μm and 15μm. The 

clearances for the specimens in the axial direction are 125μm. From the experimental 

fatigue results, it can be found that the fracture positions for the pitch difference bolt 

nut connections are the runout surface, No.-3 thread, as shown in Fig. 1.13. Even though, 

the fatigue lives of the pitch difference nuts 2𝛼 = 5μm and 𝛼 = 15μm    are much 

longer than that compared to common M16 bolt nut connections. 

 

 

Fig. 1.13 Sketch for M16 bolt nut connections 

  Chen et al. studied pitch difference effect on the fatigue life of M16 bolt nut 
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connections with pitch differences [%6–80]. The fatigue life for 𝛼 = 15μm  can be 

extended to about 1.5 times compared to the common bolt nut connections. Even the 

fatigue life of 𝛼 = 33μm is shorter compared to that of 𝛼 = 15μm, it is still much 

longer than that of common bolt nut connections. That is to say, with the increasing of 

pitch difference, the fatigue life of the bolt nut connections increases at first and then 

decreases. Besides, the mechanism of fatigue life improvement of pitch difference nut 

has been found. For common bolt nut connections, the maximum stress of the bolt 

thread locates on the contact part of the thread near the bearing surface, 𝑁𝑜.2 thread as 

shown in Fig. 1.13. Thus, an initial crack occurs here and final fracture happens the 

same position later. However, for pitch difference bolt nut connections, the maximum 

stress of the bolt thread occurs at the right side, 𝑁𝑜.% thread. Then, the cracks extent to 

the left side, 𝑁𝑜.2 thread, and final fracture occurs at the left side. This also can be 

observed from the cross section of the bolt thread. Besides, the anti-loosening 

performance of different pitch difference nuts has been confirmed by the Loosening 

experiment device based on NAS3350, and the anti-loosening performance of pitch 

difference nuts is also confirmed by the plastic deformation obtained by the 

axisymmetric FE model. The most important conclusions can be summarized as shown 

in Fig. 1.14. When the pitch difference is small, the fatigue life improvement is quite 

good, but the improvement of anti-loosening performance is relatively low. On the other 

side, when the pitch difference is large, anti-loosening performance is excellent, but the 

fatigue life improvement is smaller than that when pitch difference is relatively small. 

 

 

Fig. 1.14 Schematic illustration of the fatigue life improvement and anti-loosening 

improvement 

Liu proposed an effective way to detect and correct manufacturing errors [81]. 

Besides, Liu et al. studied the relation between the clamping force F and tightening 

torque T 2F-T relation  and the relation between prevailing torque and pitch difference 

using the 3D finite element model [81–85].  
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Chapter 2. Mechanism of anti-loosening performance of 

pitch difference bolt nut connections under transverse 

vibration 

2.1 Introduction 

Loosening test is quite a good way to measure the anti-loosening performance of bolt 

nut connections. Junker found that for bolt nut connections, dynamic loads in the 

transverse direction are more likely to cause loosening failure than forces in the axial 

direction [40]. Junker test has been adopted into international fastener standards such 

as DIN 65151 and used worldwide. There are mainly two kinds of loosening test 

machines. One kind is transverse impact vibration testing machines based on NAS 3350 

2National Aerospace Standard , as shown in Fig. 2.1. However, for this kind of machine, 

the amplitude of vibration is time-varying, and the criteria is the nut does not drop after 

30000 cycles of vibration. Thus, it is hard to simulate the loosening process. The other 

kind is Junker’s type transverse cyclic vibration testing machines. Fig. 2.2 shows a 

sketch of a Junker test machine based on DIN 65151, a sensor connected with the fixed 

part can be used to record the change of clamping force, and the moveable plate is on 

rollers and can move frictionless in the transverse direction. Since the amplitude of 

transverse vibration of the moveable plate is constant; it is easy to simulate the 

loosening process by using Junker’s type loosening test.  

 

 

2a  Test machine          2b  Sketch of the test machine 

Fig. 2.1 Loosening test machine based on NAS 3350 2National Aerospace Standard  

 

https://en.wikipedia.org/wiki/Deutsches_Institut_f%C3%BCr_Normung
https://en.wikipedia.org/wiki/Deutsches_Institut_f%C3%BCr_Normung
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Fig. 2.2 Sketch of Junker’s type loosening test machine based on DIN 65151 

 

In our team’s previous studies, the relations between tightening torque and clamping 

force have been studied. Fig. 2.3 shows the screwing process, tightening process, 

untightening process, and unscrewing process of the nut [84]. Screwing process, before 

the nut contacts the clamped body, a prevailing torque between the nut and the bolt will 

occur and then remains steady after the whole nut is screwed into the bolt, shown as 

Fig. 2.32a . Tightening process, after the nut contacts the clamped body, a tightening 

force F between the bolt and the nut will occur and increase, shown as Fig. 2.32b . 

Untightening process, the tightening force F decreases until to zero with the loosening 

of the nut, shown as Fig. 2.32c . Unscrewing process, there will be a residual prevailing 

torque smaller than the prevailing torque that occurred in the screwing process, shown 

as Fig. 2.32d . But in the untightening process, the nut is untightening by hand, which 

is far from the loosening process in reality. In this study, the untightening process is 

replaced by the Junker loosening test, and the FEM model is shown in Fig. 2.4. 

 

 

2a  Screwing process 2b  Tightening process 

https://en.wikipedia.org/wiki/Deutsches_Institut_f%C3%BCr_Normung
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2c  Untightening process 2d  Unscrewing process 

Fig. 2.3 Schematic illustration for 2a  screwing process 2b  tightening process 2c  

untightening process and 2d  unscrewing process 

 

 

Fig. 2.4 FEM model of Junker’s type loosening test 

2.2 Specimens used for Junker test 

In this study, Japanese Industrial Standard 2JIS  M12 bolt nut connections are used. 

The size of the bolt and the nut are shown in Fig. 2.5. For common M12 coarse thread 

bolt nut connections, both the pitch of the bolt and the nut are 𝑝 = 1750μm. For pitch 

difference bolt nut connections, the pitch of the bolt is the same as a common bolt, and 

the pitch of the nut is 𝛼 μm larger than that of the bolt. Three different pitches 𝛼 =

35, 40, 50 μm are used in this study. Besides, a common nut 𝛼 = 0 is also used as a 

reference. For the common bolt nut connection, the clearance between the bolt and nut 

in the axial and transverse directions are 𝐶𝑧 = 59μm and 𝐶𝑥 = 102μm, respectively, 

as shown in Fig. 2.6. The bolts are made by Chromium-molybdenum steel SCM 435, 

and its strength is 8.8. The nuts are made by medium carbon steel S45C, and their 

strength is 8. The material properties of the bolt and the nut are shown in Table 2.1. 

Both the bolt and the nut are made by cutting with the manufacturing error within 3μm. 

All bolts used in this chapter are full threaded bolts. 
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Fig. 2.5 Size of the bolt nut connection used for Junker loosening test 2unit: mm . 

 

 

Fig. 2.6 Pitch difference and clearance between threads of the bolt and nut. 

 

Table 2.1 Material properties of the bolt and the nut. 

 

Young’s 

modulus 

(GPa) 

Poisson’s 

ratio 

 

Yield strength 

(MPa) 

Tensile 

strength 

(MPa) 

SCM435 (Bolt) 206 0.3 800 1200 

S45C (Nut) 206 0.3 530 980 

 

For pitch difference nut, when the pitch difference is big enough, two ends of the nut 

will contact the bolt before it contacts the clamped body. Thus, a prevailing torque will 

occur and increase until the whole nut is screwed onto the bolt and then remains steady. 

The contact status when the prevailing torque appears is shown in Fig. 2.%. The relation 

between the screwing in cycles and the tightening torque is shown in Fig. 2.8.  

 
Fig. 2.7 Contact status when the prevailing torque appears between bolt and nut. 

E  y
B
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Fig. 2.8 Sketch of relation between rotation cycle and prevailing torque for common 

bolt nut connections and pitch difference bolt nut connections 

2.3 Experimental conditions and results 

2.3.1 Experimental conditions 

Fig. 2.N2a  shows the Junker vibration test machine based on DIN 65151 used for the 

loosening tests, and Fig. 2.N2b  is a schematic diagram of the main part. The movable 

plate is fastened to the fixed plate with bolts and nuts via rollers, and the initial 

tightening force before loosening is 𝐹22.3% = 15kN . Since the movable plate is 

supported by rollers, the friction with the fixed plate can be ignored. Thus, the 

simplified FEM model is shown in Fig. 2.4.  

For pitch difference nut, as shown in Fig. 2.%, a prevailing torque generates in the 

screwing process when two ends of the nut start to contact with the bolt, and the 

prevailing torque will increase until the whole nut is screwed onto the bolt. During the 

loosening process, the eccentric shaft shown in Fig. 2.N2a  rotates at a frequency of 8 

Hz. Thus, the moveable plate 2clamped body in Fig. 2.3   vibrates in the transverse 

direction at the same frequency of the shaft. The vibration displacement applied to the 

moveable plate is determined based on DIN 65151. That is, the clamping force 

decreases to 𝐹 = 0  after 𝑛 = 300 ± 100  cycles vibration. According to this, the 

amplitude of the moveable plate is ± 1 mm. Table 2.2 shows all the test conditions, 

including the amplitude. When the vibration number 𝑛 reaches 1500, the experiment 

ends. In the revised DIN25201 as an evaluation of loosening resistance performance, 

the criterion of good anti-loosening performance is that the residual axial force is 80% 

of the initial clamping force after 2000 times of vibration. In this study, the criteria are 
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that the residual clamping force is 80% of the initial clamping force after 1500 times of 

vibration [86]. 

 

 

2a  Photo of Junker’s device.       2b  Schematic illustration. 

Fig. 2.9 Junker type nut loosening experimental device based on DIN series 2DIN 

65151 . 

 

Table 2.2 Testing conditions 

Displacement 

amplitude (mm) 

Frequency (Hz) Initial clamping 

force (kN) 

Number of cycle 

(n) 

±1 8  15 1500 

2.3.2 experimental results 

Fig. 2.10 shows the relationship between the transverse vibration cycles 𝑛 and the 

clamping force 𝐹 obtained by Junker’s type loosening test when the initial clamping 

force is 15kN, and the sample points are obtained 3 times in one loading cycle. Since 

the data at the beginning of the experiment was irregular regardless of the magnitude 

of the pitch difference, the experimental results are considered without considering the 

data of the vibration cycle 𝑛 < 10 in which this irregular tendency is remarkable.  

From Fig. 2.102a , it was clarified that the descent rate of clamping force F decreases 

with the pitch difference α increases. The criteria for this loosening resistance meet the 

DIN standard when the pitch difference 𝛼 = 40 and 50μm. When the pitch difference 

𝛼 = 35μm , the residual clamping force did not meet the standard. However, the 

residual clamping force 𝐹 = 4.0kN 22%%  is maintained when the vibration number 
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reaches to 𝑛 = 1500, and the loosening resistance remains steady as shown in Fig. 

2.102a . The mechanism of this anti-loosening effect will be explained in section 2.5. 

As shown in Fig. 2.102b , when the pitch difference is small, i.e., 𝛼 = 0 and 𝛼 =

35μm, the clamping force F shows an even decreasing waveform with the vibration 

cycle increases at the initial vibration stage 𝑛 = 0~50. On the other hand, when the 

pitch difference is large, i.e., 𝛼 = 40μm and 𝛼 = 50μm, the waveform is not regular. 

Therefore, in order to show the behavior of the waveform in detail, the relation between 

the clamping force F and the vibration cycles n 2𝐹 − 𝑛 relations  when 𝑛 = 10~15 

and 𝑛 = 45~50 are shown in Fig. 2.102c1  and Fig. 2.102c2 , respectively. Since the 

waveforms in Fig. 2.102c1  and 2c2  are close to each other, it can be regarded that the 

loosening progresses steadily when the vibration number 𝑛  is over 10. From Fig. 

2.102c2 , it can be seen that, during 5 cycles of vibration, 𝐹 − 𝑛 relation fluctuates 

within 2 times when 𝛼 = 40μm and 𝛼 = 50μm, and fluctuates 4 times when 𝛼 = 0 

and 𝛼 = 35μm. Therefore, it was confirmed that the clamping force decreases almost 

every cycle at the initial vibration stage when 𝛼 = 0 and 𝛼 = 35μm. 

 

 

 2a  0~1500cycles       2b  0~50cycles   
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(c1) 10~15cycles                        (c2) 45~50cycles 

Fig. 2.10 Clamping force 𝐹 vs loading cycles 𝑛. 

2.4 Analysis of loosening process due to transverse loading 

2.4.1 Analytical method 

The effect of the pitch difference on loosening is also simulated by finite element 

analysis. The fastening part of the bolt nut connection, shown in Fig. 2.N2b , is 

simplified as the three-dimensional model shown in Fig. 2.11. As shown in Fig. 2.112a , 

in order to simplify the physical shape, the hexagonal part of the bolt head and nut was 

replaced with a cylindrical shape. The length, width, and thickness of the movable plate 

used in the FE model is 40mm, 40mm, and 15mm, respectively. 8 node elements are 

used for meshing, and the minimum mesh size of the threaded part is 0.048mm. The 

total number of elements is about 8.0E+4, and the number of nodes is about 1.51E+5. 

The penalty method was used for the contact analysis, and the non-linearity of the 

material was taken into consideration. To save the simulation time, the stress-strain 

relations of the materials are simplified in bilinear. The thread coefficient factor 𝜇𝑠 =

0.12 and the under-head coefficient factor 𝜇𝑤 = 0.17 are used in the simulation [81]. 

The finite element method analysis software ANSYS Workbench 16.2 is used for the 

analysis. The analysis can be divided into two parts, the tightening process shown in 

Fig. 2.112b  and the loosening process shown in Fig. 2.112c .  

In the tightening process, the nut is tightened until the clamping force reaches 15kN, 

which corresponds to 22.3% of the bolt strength. During the tightening process, the 

under-head side of the bolt head and the surface opposite to the bearing surface of the 

clamped body are fixed. Here, for bolt nut connections with a pitch difference, in order 

to save the simulation time, the distance between the clamped body and the nut is set 

as 0.05mm  at the very beginning of the analysis. For normal bolt nut connections 
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without a pitch difference, the analysis starts from the state the nut contacts the 

moveable plate. 

In the loosening process, after the clamping force reaches to 15kN 2Fig. 2.112b  , 

Changing the boundary as shown in Fig. 2.112c . The surface opposite to the bearing 

surface of the clamped body 2moveable plate  is set as frictional in the transverse 

direction of the bolt, and the moveable plate vibrates in the transverse direction 

cyclically. This amplitude is given as a periodic displacement in the x direction in Fig. 

2.112c  by the movable plate. The same as the experimental condition, the amplitude is 

set as ± 1 mm. The analysis is performed until the vibration cycle 𝑛 reaches to 50. 

 

 

 (a) FEM model 
(b) Boundary conditions 

of tightening process. 

(c) Boundary conditions 

of loosening process due 

to transverse loading. 

Fig. 2.11 FEM model and boundary conditions for tightening process and loosening 

process. 

 

2.4.2 Comparison of FEA results and experimental results of loosening process 

Fig. 2.12 shows the analytical results of the relationship between the tightening 

torque T and the clamping force during the tightening process. From Fig. 2.12, it can 

be seen that the prevailing torque increases with the increasing of pitch difference. 

Besides, for pitch difference 𝛼 = 35μm, the relation between tightening torque and 

clamping force is close to a bilinear line, and the slope ratio before the clamping force 

reaches 8kN is much larger than that of the clamping force is larger than 8kN. For pitch 

difference 𝛼 = 40μm and 𝛼 = 50μm, the relations are linear. 
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Fig. 2.12 Relation between clamping force 𝐹 and tightening torque 𝑇. 

 

Fig. 2.13 shows the analytical results of the relationship between the clamping force 

F and the vibration cycle n in the loosening process until the vibration cycle number 

reaches to 50. Comparing the analysis results 2Fig. 2.13  and the experimental results 

2Fig. 2.10 , the tendency of loosening speed, that is, the magnitude relationship of 

𝑑𝐹/𝑑𝑛 is consistent, i.e., 𝛼 = 0 < 𝛼 = 35μm < 𝛼 = 40μm < 𝛼 = 50μm. In the 

analytical results shown in Fig. 2.132c , the clamping force F fluctuates immediately 

after the movable plate reaches maximum displacement. The clamping force decreases 

slightly after the vibration when the pitch difference is over 40μm, and remains steady 

when the pitch difference is no larger than 35μm. In the experimental results shown in 

Fig. 2.102c2 , there are flat parts and stepped parts, and the clamping force decreases at 

the stepped part. Regarding the difference between the waveforms of the analytical and 

experimental results, such as the transmission loss of vibration by the experimental 

equipment, the difference in the number of data samplings can be considered. In the 

experiment, data were acquired 3 times per cycle, whereas, in the analysis, data were 

acquired 20 times per cycle. 

Focusing on the waveforms in Fig. 2.132c  and 2d , 𝛼 = 35μm  and 𝛼 = 40μm 

have the same shape, and when 𝛼 = 0, the fastening force 𝐹 ≈ 0, so the waveforms 

are different. In Fig. 2.132c  and 10 2d , the fastening force F increases 2or decreases  

immediately after the moveable plate reaches the maximum value. Using the Gaussian 

symbol [𝑛] 2the integer part of the vibration cycle n that is a real number , the position 

of the maximum displacement and the position where the fastening force F increases 

2or decreases  are expressed as follows, and it is independent of vibration number n. 

Position where maximum displacement is 𝑛 − [𝑛]  = 0.25,0.%5. Position where the 

fastening force F increases 2or decreases : 𝑛 − [𝑛] = 0.25 to 0.35, 0.%5 to 0.85.  
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2a  0~50cycles                     2b  10~15cycles 

 

2c  45~50 cycles            2d  45~4% cycles 

Fig. 2.13 Relation between clamping force 𝐹 and transverse vibration cycles 𝑛. 

 

Fig. 2.14 shows the contact state between the bolt and nut thread surfaces during the 

tightening process. The reason the clamping force fluctuates when the displacement of 

the moveable plate reaches maximum value is the difference in the direction of the 

frictional force caused by the pitch difference α. As shown in Fig. 2.14, when the 

movable plate vibrates, the nut also vibrates in the same direction due to the friction 

between the movable plate and the nut bearing surface. The transverse displacement of 

the moveable plate and the nut are shown in Fig. 2.15. From the figure, it can be seen 
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that from the position the displacement reaches to the maximum value to a point before 

the nut returns to the central axis of the bolt, the nut moves in the transverse direction 

with the moveable plate. Comparing Fig. 2.13 and Fig. 2.15, it can be found that the 

clamping force fluctuates when the nut moves together with the moveable plate. 

As shown in Fig. 2.142b , when the pitch difference 𝛼 ≥ 35μm, both outer sides of 

the nut thread surface contact with the bolt thread, and an axial force 𝐹𝛼 >  0 exists in 

the bolt sandwiched by the nut thread 2see Fig. 2.16, [%N] . It should be noticed that the 

𝐹𝛼 is referred as the bolt axial force due to the nut both ends contact. Due to this axial 

force 𝐹𝛼, frictional force is generated at both ends of the nut, and the direction of the 

frictional force in the circumferential direction of both ends is different. When the 

movable plate is vibrated in the x-direction, the bolt and nut are twisted and released 

due to the difference in the direction of the frictional force acting on both ends of the 

nut. The axial force acting on the nut changes. The reason why the fastening force F 

decreases or increases immediately after the moveable plate reaches maximum 

displacement is due to this change in the axial force. On the other hand, from Fig. 

2.142a , when 𝛼 =  0, only the screw surface on the opposite side of the nut bearing 

surface is always in contact with the screw surface of the bolt. Therefore, when the 

movable plate vibrates, the nut also vibrates in the same direction, so the axial force 

between the screw surfaces becomes small and the nut loosens. 

 

 

2a  𝑎 ≥ 40𝜇𝑚               2b  𝑎 = 0    

Fig. 2.14 Contact status in Fig. 2.4. 
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2a  𝛼 = 0                                     2b  𝛼 = 40𝜇𝑚 

Fig. 2.15 Displacement of nut due to the vibration of moveable plate 

 

 

Fig. 2.16 Contact status in tightening and untightening process of nut. 
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2.5 Consideration of loosening process of nut with pitch difference 

2.5.1 F-T relation during the loosening process of nuts with a pitch 

difference(StageⅠ~StageⅢ) 

Fig. 2.1%2a  and Fig. 2.182a  show the relation between clamping force and vibration 

cycles for a nut with a pitch difference 𝛼 = 35μm and 𝛼 = 40μm, respectively. In 

Fig. 2.1%2a  and Fig. 2.182a , there are a stage A in which the clamping force 𝐹 

decreases monotonically, and a stage B in which the decrease in the clamping force 𝐹 

becomes small and 𝐹  becomes almost constant. To explain this, the relationship 

between the clamping force 𝐹 and the tightening torque 𝑇 2𝐹 − 𝑇 relationship, see 

Fig. 2.1%2b  and Fig. 2.182b   in the loosening process of the previous study 2Noda et 

al., 2020  is used. In the 𝐹 − 𝑇 relationship shown in Fig. 2.1%2b  and Fig. 2.182b , the 

process of nut loosening can be classified into stage I, stage II, and stage III shown 

below. The phenomenon different from that of common bolts is typical when the pitch 

difference is 𝛼 = 35μm. Stage II does not appear when the pitch difference 𝛼 is over 

40μm. 

Stage I: The process in which the nut is almost integrally with the bolt and the initial 

twist energy of the bolt is released 2between point G and point Gu in Fig. 2.1%2b  . The 

contact point of the screw surface and the 𝐹 − 𝑇 relationship are the same as 𝛼 = 0. 

In addition, there is almost no decrease in the clamping force 𝐹 . 2In the Junker 

loosening test described later, the initial twist of the bolt is not released, and there is a 

stage where the nut and bolt are almost integrated with each other, so this is referred to 

as Ι∗ .  

Stage II: The process from when the nut starts to slide with respect to the bolt thread 

surface to the state when both ends of the nut begin to contact with the bolt thread 

2between point Gu and point Fu in Fig. 2.16 . Stage II exists when the pitch difference 

𝛼 = 35μm , shown in Fig. 2.1%2b , but does not exist at 𝛼 = 40μm , shown in Fig. 

2.182b . In stage II 2𝛼 = 35μm , the contact state of the nut thread surface with the bolt 

is between points Gu and Fu. Only one side of the nut contact with the bolt thread, as 

shown in Fig. 2.16, and the contact status is close to that of a normal nut 𝛼 = 0 . 

Therefore, in stage II, the 𝐹 − 𝑇 relationship is the same as that of common nut, as 

shown in Fig. 2.1%2b . Stage II does not exist when pitch difference is 𝛼 = 40μm, as 

shown in Fig. 182b . The reason is that since the pitch difference α is large, when the 

clamping force reaches to 15kN, the two ends of the nut still contact with the bolt thread. 

This can also be explained by the 𝐹 − 𝑇  relation in Fig. 2.12. When the 𝐹 − 𝑇 

relation in Fig. 2.12 becomes bilinear, it means that the clamping is big enough to make 

the bearing surface side of the nut thread separates from the bolt thread. Thus, there is 

no stage Gu and Fu in Fig. 2.16. Therefore, the 𝐹 − 𝑇 relationship of 𝛼 = 40μm at 

the beginning of loosening is different from that of 𝛼 = 35μm  as shown in Fig. 

2.182b . 2In the Junker loosening test described later, there are IIF when the nut loosens 

and IIB when the nut tightens . 



Chapter 2                 Kyushu Institute of Technology 

28 

 

Stage III: The process in which the bearing surface end of the nut thread starts to 

contact the bolt thread, and the contact force on this side nut increases. The axial force 

between threads 𝐹𝑎 > 0 in Fig. 2.16 also increases 2point Fu in Fig. 2.16 . The 𝐹 − 𝑇 

relationship between Eu  is different from 𝛼 = 0. Stage III is between the points Fu 

and Eu in Fig. 14, and since the contact state of the screw surface is different from the 

normal nut α = 0, the 𝐹 − 𝑇 relationship is also different as shown in Fig. 2.1%2b , and 

the fastening force 𝐹 is unlikely to decrease. From this, it can be expected that the nut 

with pitch difference has loosening resistance even if the axial force after 1500 times is 

less than 80% at 𝛼 = 35μm . On the other hand, when 𝛼 = 40μm , loosening 

resistance can be expected from the initial stage of loosening. 

 

 

2a  Clamping force 𝐹 vs loading cycles 

𝑛 of 𝛼 = 35μm. 

2b  Clamping force 𝐹  vs tightening 

torque 𝑇 of 𝛼 = 35μm. 

Fig. 2.17 Clamping force 𝐹 vs loading cycles 𝑛 relation explained by 𝐹 − 𝑇 

relation of 𝛼 = 35μm. 

 

2a  Clamping force 𝐹 vs loading cycles 

𝑛 of 𝛼 = 40μm. 

2b  Clamping force 𝐹  vs tightening 

torque 𝑇 of 𝛼 = 40μm. 

Fig. 2.18 Clamping force 𝐹 vs loading cycles 𝑛 relation explained by 𝐹 − 𝑇 

relation of 𝛼 = 40μm. 
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2.5.2 Loosening process in the Junker’s type loosening test (Stage A~ Stage B) 

Fig. 2.1N shows the relationship between the nut loosening angle 𝜃𝐿  and the number 

of repetitions in the loosening test, and it can be used to explain stage I and stage A and 

stage B in Fig. 2.1%2a  and Fig. 2.182a . In these figures, the slack angle 𝜃𝐿 on the 

vertical axis is the relative twist angle 𝜃𝐿 of the nut defined by the difference 𝜃𝐿 =

𝜃𝑁 − 𝜃𝐵 between the twist angle 𝜃𝑁 of the nut and the twist angle 𝜃𝐵 of the bolt. 

Figure 15 2a  shows the results of 𝛼 = 0, 35, and 40 μm at the initial clamping force 

𝐹 = 15kN. Fig. 2.1N2b  shows the result of analysis with the initial clamping force set 

to 𝐹 = 6kN  in order to reproduce the number of repetitions 𝑛  = 0 to 2 2see Fig. 

2.1%2a   at which stage II starts in the experiment at 𝛼 = 35μm. In Fig. 2.1N2a , the 

loosening angle 𝜃𝐿  increases sharply when the transverse vibration number 𝑛 = 0 to 

0.0%. This is the same as stage I described in previous section, the twist elastic energy 

of the bolt stored in the tightening process is released in this stage. Next, when the 

vibration number 𝑛 = 0.05 ~ 2, 𝛼 = 0μm and 𝛼 = 35μm can be regarded as stage A 

because the loosening angle 𝜃𝐿  increases steps by steps. That is, the section that 

increases on the stairs is the 𝐹 − 𝑇  related stage II, and the other sections with a 

constant clamping force F are the 𝐹 − 𝑇 related stage I. On the other hand, 𝛼 = 40μm 

in Fig. 2.1N2a  has stage A with the vibration number 𝑛 = 0 to 0.05, but it is mainly 

stage B in other sections. In this stage B, the loosening angle 𝜃𝐿 is almost constant. 

Although the loosening angle is increasing and decreasing alternately, the loosening 

angle fluctuates in a very small range compared to that of 𝛼 = 0μm and 𝛼 = 35μm. 

This stage B is clearly shown in Fig. 2.1%2b  which shows the relation between vibration 

cycles and loosening angles of α = 35μm when the tightening force is 𝐹 = 6kN. 

In Fig. 2.1N2b , the specimen of α = 35μm is in stage B, and it can be seen that stage 

II and stage I are repeated alternately. In particular, unlike stage A, stage II in stage B 

includes stage II𝐹  in which 𝜃𝐿 increases and loosening progresses, and stage II𝐵 in 

which θL decreases and tightening occur. Therefore, since 𝛼 = 0μm and 𝛼 = 35μm 

in Fig. 2.1N2a  are stage A, the nut is loose because it is stage B, but 𝛼 = 40μm in Fig. 

2.1N2a  and 𝛼 = 35μm in Fig. 2.1N2b . In stage B, loosening does not happen. On the 

other hand, in Fig. 2.1N2b , when the initial clamping force is 6 kN for 𝛼 = 35μm, the 

loosening rate is less than 1/30 compared to the first several vibration cycles, so it can 

be regarded that a quite good loosening resistance of the nut is remaining. 

 

From this, the loosening process in the loosening test can be expressed by the 

following stages A and B. 

Stage A: This is a section where stage I and stage II occur alternately, and in stage II, 

loosening always progresses. 

Stage B: This is a section where stage I and stage II occur alternately. In stage II, 

loosening and tightening occur alternately. 
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2a when 𝐹 = 15kN                      2b  when 𝐹 = 6kN 

Fig. 2.19 Loosening angles θ vs loading cycles.  

Typically, the change from stage A to stage B can be explained from the simulation 

of the loosening process of 𝛼 = 35μm . Fig. 2.20 shows the relation between the 

vibration cycles and the clamping force obtained by FEM and experiments of Junker’s 

type loosening test when the pitch difference is 𝛼 = 35μm. The trend of the change of 

clamping force with the change of loading cycles coincides with each other. The FEM 

result shows a significant tendency of the change of clamping force with loading cycles. 

That is, with the increasing of loading cycle, the decreasing rate of clamping force 

becomes smaller and smaller. 

 

Fig. 2.20 Relation between the vibration cycles and the clamping force obtained by 

FEM and experiments when the pitch difference 𝛼 is 35μm. 

 

Fig. 2.21 relation between the vibration cycles and the loosening angle, the rotation 

angle of the bolt, and the rotation angle of the bolt obtained by FEM when the pitch 

difference 𝛼 is 35μm. Fig. 2.22 and Fig. 2.23 show some detail of Fig. 2.21. From 

Fig. 2.21 and Fig. 2.23, it can be seen that the rotation angle of the bolt remains steady 

after a relatively large rotation at the very beginning of the vibration. Therefore, Except 

for the initial stage of vibration of the moveable plate, the rotation angle of the nut can 
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be used to represent the loosening of the nut. 

 

 

Fig. 2.21 Relation between the vibration cycles and the loosening angle, the rotation 

angle of the bolt and the rotation angle of the bolt obtained by FEM when the pitch 

difference 𝛼 is 35μm. 

 

Fig. 2.22 Some details of nut rotation angle shown in Fig. 2.21 

From Fig. 2.22, it can be seen that, in the first several cycles, the loosening process 

and unloosening process occur alternately. Then, a tightening process occurs in every 

cycle, and the tightening angle is much smaller compared with the loosening angle in 
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one loading cycle. Thus, loosening progresses in every cycle. When the loading cycle 

reaches 150, the loosening angle and tightening angle in one cycle almost equals to 

each other. By comparing Fig. 2.20 and Fig. 2.22, it can be seen the smaller the absolute 

loosening angle in one cycle is, the slower the decreasing rate of the clamping force is. 

 

Fig. 2.23 Some details of bolt rotation angle shown in Fig. 2.21 

2.6 Conclusions 

In this chapter, we considered the loosening process of pitch difference nuts. The 

Junker vibration test was used for the loosening test, and a simplified 3-dimensional 

model was built for the loosening simulation analysis. The loosening resistance 

performance and loosening resistance mechanism were considered with reference to 

the relationship between the clamping force 𝐹  and the torque 𝑇 , which has been 

studied in our team’s previous research [81,84]. The conclusions obtained are 

summarized below. 

21  According to the looseness resistance judgment standard based on DIN25201, for 

which the residual axial force should at least be 80% of the initial axial force after 1500 

cycles of vibration, the nut with a pitch difference of 𝛼 = 40, 50μm has a good anti-

loosening performance. Although the pitch difference of 𝛼 = 35μm does not meet the 

criteria, the residual clamping force 𝐹𝑢=4kN, which is about 2%% of initial axial force, 
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is maintained when the vibration cycles reach to 1500, and the loosening resistance is 

substantially maintained. 

22  Regarding the relationship between axial force F and torque T, which is one of 

the basic characteristics of bolt nut connections, when the nut with pitch difference 𝛼 =

35μm, the loosening process can be divided into the following three different stages. 

Stage I: the stage where the nut and bolt are integrated. Stage II: From the state the nut 

starts to slide against the bolt thread surface to the state both ends of the nut start to 

contact the bolt thread. Stage III: from the stage where two ends of the nut contact the 

bolt thread and the contact force at bearing surface side of the thread increases to the 

state the nut is separate from the clamped body. 

23  According to the relationship between the relative twist angle 𝜃𝐿 of the nut and 

the number of vibration cycles 𝑛 . The loosening process by the Junker test can be 

classified into stage A and stage B. In these processes A and B, stages I and II related 

to 𝐹 − 𝑇  exist alternately. In stage A, only the stage II nut loosening process IIF 

exists, but in stage B, the stage II tightening process IIB exists, which is different from 

stage A. 

24  In stage B, the loosening angle of the nut in one loading cycle remains steady, 

while the tightening angle in one loading cycle becomes increases with the increasing 

of the loading cycle. Thus, the loosening rate of the nut becomes smaller and smaller 

until the loosening angle equals to the tightening angle in one loading cycle, the 

clamping force remains steady.  
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Chapter 3. Root radius effect on fatigue strength and anti-

loosening performance of pitch difference bolt nut 

connections 

3.1 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 

[8%]. When subject to dynamic and impact loading with vibrations, self-loosening and 

fatigue failure of bolt nut connections may happen and even causes serious accidents. 

Several kinds of bolt failure under complex working environments are discussed in 

recent studies [88–N2]. Therefore, low-cost bolt nut connections with excellent anti-

loosening performance and high fatigue strength, long fatigue life are always needed in 

the industry. 

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 reduce the stress concentration, few pieces of research are available for 

improving the fatigue strength compared to anti-loosening. Table 3.1 shows a 

comparison of some special bolt nut connections. Most special bolt-nuts have either 

more components or very special geometry, leading to a complex manufacturing 

process and a high cost, which is usually more than 3 times of the common bolt nut 

connections. 

Usually, the anti-loosening ability affects the fatigue strength and the cost 

significantly．Most previous studies concern either anti-loosening or high fatigue life 

and few studies aimed at improving both anti-loosening and fatigue strength. In our 

team’s previous research, it has been found that the fatigue life and the anti-loosening 

performance of bolt nut connections can be improved by introducing a suitable pitch 

difference between the bolt and the nut [%6,80]. The sketch of pitch difference effect on 

fatigue life and anti-loosening performance is shown in Fig. 1.14 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 limits and fatigue strength of the materials can be improved [13,14]. 

Thus, better combination of fatigue life improvement and anti-loosening performance 

may be obtained by increasing the root radius of pitch difference bolt nut connections. 

This chapter will focus on the coupled effect of the root radius  𝜌  and the pitch 

difference 𝛼  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  𝜌  to reduce the 
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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 𝜌 and the pitch difference 𝛼 may affect the 

anti-loosening as well as the fatigue strength.  

 

Table 3.1 Comparison of some special bolt–nut connections. 

Method 

Anti-loosening 

performance 

improvement 

Fatigue limit 

improvement 

Fatigue life 

improvement 
Machinability 

Low 

cost 

This study ◎ ◎ ○ ◎ ◎ 

Pitch difference Nut 

2Chen et al., 2015; Noda 

et al., 2016  

◎ △ ○ ◎ ◎ 

SPR 2Noda et al., 2008  ○ △ △ × × 

Hard Lock Nut 

2Wakabayashi, 2002  
◎ △ △ × × 

CD Bolt 2Nishida et al., 

1NN%  
△ ○ ○ △ △ 

Low strength nut 

2SNCM630→S20C  

2Nishida,2004  

○ ○ ○ ◎ ◎ 

Double Structure Bolt 

2DTB-II  2Shinbutsu et 

al., 201%  

◎ △ △ × × 

Standard bolt-nut △ ○ ○ ◎ ◎ 

×:bad, △:fair, ○:pretty, ◎:remarkable. 

3.2 Fatigue strength improvement  

3.2.1 Fatigue test specimen  

This study focuses on high strength Japanese Industrial Standards 2JIS  M16 bolt nut 

connections. Three kinds of new bolt shapes whose root radii are larger than that of JIS 

M16 bolt are prepared, aiming at improving both the fatigue life and fatigue limit. 

Japanese Industrial Standards 2JIS  specifies the standards used for industrial activities 

in Japan and ISO, JIS and DIN standards are based upon the metric system and are 

closely related. The screw thread specifications based on JIS also apply to ISO and DIN 
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threads. Although the nut height dimension 𝐻=16mm in Fig. 3.1 varies depending on 

the standard, when there is no pitch difference between the bolt and the nut, the effect 

of nut height on fatigue strength is negligible. Table 2 shows nut height and nut width 

according to different standards. This study focuses on the pitch difference nut when 

𝐻=16mm is based on JIS M16. The effect of the nut height on the fatigue life and anti-

loosening performance for the nut height under a small pitch difference will be 

discussed in the next chapter.  

 

 

Fig. 3.1 Sketch of a bolt nut connection 

 

Table 3.2 Nut height and nut width according to different standards 

Nut M12 2mm  M16 2mm  

Width b12mm  

DIN/JIS B1181 1N 24 

JIS B1220 - 23.2-24 

ISO4032/AS1112-200 

JIS B11NN-2 
1%.%3-18 23.6%-24 

JIS B1186 - 26.2-2% 

Nut Height 

H2mm  

ISO4032/AS1112-200 10.3%-10.8 14.1-14.8 

DIN555 N.25-10.8 12.1-13.N 

ISO4034 ISO type1 10.4-12.2 14.1-15.N 

DINN34 N.64-10.0 12.3-13.0 

ISO4032,ISO86%3 10.3%-10.8 14.1-14.8 

ISO4033 ISO type2 11.%5-12.0 15.%-16.4 

JIS B1220 - 12.1-13.N 

JIS B11NN-2 11.5%-12.0 15.%-16.4 

JIS B1181 type2 10 13 

JIS B1181 1xd 12 16 

JIS B1186 - 15.65-16.35 

 

The suggested nut in this study can be manufactured as the same way as the normal 

nut, and the cost is predicted to be about 1.5 times of the normal nut considering the 

modification of thread tap as well as the checking procedure on the pitch difference. 

Fig. 3.22a  illustrates a bolted joint whose thread is numbered as -3, -2, ... %, 8 from the 
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bolt head side to the other side. As shown in Fig. 3.22b , since nut chamfers are 

commonly used, the threads are neglected at two ends, as shown in Fig. 3.22a  in the 

simulation. Instead of the standard JIS M16 pitch p=2000μm, the nut pitch is 𝛼 μm 

larger than that of the bolt pitch p=2000μm in this study. The length of the threaded 

part of the bolt is 44mm, and the length of the shank part of the bolt is N6mm. When 

𝛼 = 0, the thread contact is shown in Fig. 3.22c  where the largest stress appears at the 

root of 𝑁𝑜.2 thread. Instead, when 𝛼 >  0, the thread contact is shown in Fig. 3.22d  

where the largest stress appears at the root of 𝑁𝑜.% thread [%6]. In previous studies, 

Patters showed that the longer nut has the longer the fatigue [N3]. Griza described that 

bolts with longer length tend to have high fatigue strength for bolt joints under the same 

tightening torque [11]. According to JIS B 1181 - 1NN3 Type 2, Grade A, Hexagon Nuts, 

the nut height is between 15.%mm and 16.4mm. To eliminate the effect of nut length, 

all the height of the nuts used in this study are 16mm. Fig. 3.3 illustrates the shape and 

dimension of the thread designed in the study. Instead of the standard root radius JIS 

M16 𝜌 = 𝜌0 = 0.2N mm , the newly designed bolt specimens have a root radius 

𝜌 = 2𝜌0 and 𝜌 = 3𝜌0. To evaluate the stress reduction conveniently, we consider the 

stress concentration factor 𝐾𝑡 of a round bar having a circumferential 60° notch shown 

in Fig. 3.32d  whose 𝐾𝑡 formula is available [N4,N5]. The stress concentration factor 

𝐾𝑡 decreases from 4.53 to 2.N0 by increasing the thread root radius from 𝜌 = 𝜌0 to 

𝜌 = 2𝜌0, and the stress concentration factor 𝐾𝑡 is reduced to 2.4 when the bolt root 

radius becomes 𝜌 = 3𝜌0.  

 

 
2a  
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2b  

  
                   2c                                       2d  

Fig. 3.2 Schematic illustration of 2a  bolted joint, 2b  nut chamfer at nut ends, 2c  

threads contact when 𝛼 =  0 and 2d  thread contact when 𝛼 >  0. 

 

           
2a  ρ=ρ0 2𝐾𝑡=4.53 in Fig. 3.32d    2b  ρ=2ρ0 2𝐾𝑡=2.N0 in Fig. 3.32d   

          
 2c  ρ=3ρ0 2𝐾𝑡=2.40 in Fig. 3.32d          2d  Notched bar 

Fig. 3.3 Three types of bolt specimens with different thread shapes 

 

3.2.2 experimental conditions 

Fig. 3.4 illustrates the assembled state of a bolt nut connection in the fatigue 

experiment. As shown in Fig. 3.4, the bolt head side and the nut side are in the two 
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different frames on the device. The lower side frame is fixed on the machine, and the 

upper side subjects to a cyclic loading 𝐹𝑐. Table 2.1 shows the bolt-nut materials JIS 

SCM435 steel and JIS S45C steel. Similar to the previous papers [%6,%%,80], a 3N2kN 

2400 ton  servo fatigue tester is used, the frequency is set to 5 or 10 Hz, and the mean 

load 𝐹m  is 30kN . Esmaeili et al. found that the tightening torque T can affect the 

fatigue strength of bolt joints [N6]. To eliminate the effect of tightening torque T, in the 

fatigue experiments in this study, the tightening torques 𝑇 =0. Table 3.3 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.  

 

 
2a  fatigue experiment device 

 

 
2b  Schematic illustration of fatigue test. 

 

Fig. 3.4 fatigue experiment device and sketch of the specimen part 
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Table 3.3 Experimental conditions. 

Load 2kN  Stress 2MPa  

𝑅 =
𝜎𝑚 − 𝜎𝑎

𝜎𝑚 + 𝜎𝑎
 Mean 

load 

Load 

amplitude 

Mean stress 

𝜎𝑚  

Stress amplitude 

𝜎𝑎 

30 22.6 213 160 0.14 

30 18.3 213 130 0.24 

30 14.1 213 100 0.36 

30 11.3 213 80 0.45 

30 8.5 213 60 0.56 

 

3.2.3 Fatigue strength improvement due to enlarged root radius 

Previously, Walker et al. [15], Yoshimoto [18] and Nishida [20] studied the root 

radius effect on the fatigue strength without providing pitch difference. Those results 

did not show significant fatigue strength improvement although the stress concentration 

can be reduced. To clarify the root radius effect and to verify the fatigue limit 

improvement, a series of fatigue tests are conducted on the specimen in Fig. 3.3. Fig. 

3.5 shows the S-N curve obtained by varying the thread root radius as 𝜌 = 𝜌0，𝜌 = 2𝜌0 

and 𝜌 = 3𝜌0 under the pitch difference 2a  𝛼 = 0μm and 2b  𝛼 =15μm. 

 

 
2a  α=0μm                                   2b  α=15 μm    

Fig. 3.5 S-N curves for bolt nut connections by varying the thread root radius  

 

From Fig. 3.52a , when α=0μm, it can be seen that by enlarging the root radius from 

standard 𝜌 = 1𝜌0  to 𝜌 = 2𝜌0  and 𝜌 = 3𝜌0 , the fatigue limit of the bolt nut 

connections increases from 60MPa to 80MPa. Besides, the fatigue life of 𝜌 = 3𝜌0 is 

3.00 times larger than that of 𝜌 = 𝜌0. From Fig. 3.52b , when α=15 μm, it can be seen 

that the fatigue life of 𝜌 = 2𝜌0 was improved more than two times than that of 𝜌 = 𝜌0 

when the stress amplitude is 130MPa. When increasing the root radius from 𝜌 = 𝜌0 to 

𝜌 = 2𝜌0, the fatigue limit was improved from 60MPa to 100MPa. The fatigue limit 

increases to 110MPa when the root radius increases to 𝜌 = 3𝜌0 . That is to say by 
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enlarging the root radius to 𝜌 = 2𝜌0 and 𝜌 = 3𝜌0 the fatigue limit of the bolt nut 

connections can be improved by 6%% and 83%, respectively. It may be concluded that 

enlarging bolt root radius and choosing suitable pitch differences may improve the 

fatigue life and fatigue limit of the bolt nut connections efficiently. 

 

3.2.4 Fatigue strength improvement due to pitch difference  

In the authors’ previous papers, the pitch difference effect on the fatigue strength was 

discussed experimentally and theoretically [%6,80]. In this paper, the pitch difference 

effect is discussed coupled with the root radius effect to improve both the fatigue life 

and the fatigue limit. Fig. 3.6 shows the S-N curves of bolt nut connections when 𝛼=0 

and 𝛼 =15μm coupled with 𝜌 = 1𝜌0  and 𝜌 = 2𝜌0 . In Fig. 3.6, when  𝜌 = 𝜌0  with 

increasing the pitch difference from 𝛼 =0 to 𝛼 =15μm, 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 𝜌 = 2𝜌0 is twice that of the bolt with a root 

radius of 𝜌 = 𝜌0 when 𝛼=0, and besides, the fatigue limit is improved from 60MPa 

to 80MPa by 33%. Moreover, by introducing a pitch difference of 𝛼=15μm coupled 

with enlarging the root radius to 𝜌 = 2𝜌0, the fatigue limit is improved by 6%%, 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.  

 

 
Fig. 3.6 S-N curves for bolt nut connections when α=0 and α=15 μm. 
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3.3 Stress and crack appearing at bolt threads 

3.3.1 Crack observation 

Fig. 3.% illustrates the crack configuration observed from the bolt outer surface after 

the fatigue experiments. When 𝛼=0, as shown in Fig. 3.%2a  and 2b , a crack is observed 

only at 𝑁𝑜.1~ 𝑁𝑜.3 threads. This is because 𝑁𝑜.1 ~ 𝑁𝑜.3 threads carry most of the 

load as shown in Fig. 3.22c . Then, the crack initiated 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=15μm, as shown in Fig. 3.%2c  and Fig. %2d , cracks can 

be observed between 𝑁𝑜. 2 and 𝑁𝑜. %. When 𝛼 =15μm, cracks initiate at 𝑁𝑜. 6 and 

𝑁𝑜.% threads because those threads carry most of the load as shown in Fig. 3.22d . After 

the cracks propagate at 𝑁𝑜.6 and 𝑁𝑜.% threads, another crack initiates and propagates 

at 𝑁𝑜.5, 𝑁𝑜.4… toward 𝑁𝑜.1 thread consecutively until causing the final bolt failure. 

The consecutive 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 [%6]. 

 
2a  𝜌=2𝜌0, 𝛼=0 μm 2𝜎a=130 MPa        2b  𝜌=3𝜌0, 𝛼=0 μm 2𝜎a=160 MPa  

 
2c  𝜌=2𝜌0, 𝛼=15 μm 2σa=130 MPa       2d  𝜌=3𝜌0, 𝛼=15 μm 2σa=160 MPa . 

Fig. 3.7 Sketch of the cracks observed from the bolt outer surface after the fatigue 

experiments. 

 

Fig. 3.8 Crack configuration observed from the fractured specimen surface, and it 

can be seen that no thread stripping occurred in the threads of both the nut and the bolt. 

Fig. 3.82c  and Fig. 3.82d  shows an example of the bolt thread surface with the nut 

cross section after the fatigue tests when 𝜎𝑚 = 213MPa  and 𝜎𝑎 = 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 𝛼 = 15μm is nearly the same in Fig. 3.82c  when 𝜌 = 1𝜌0  

and in Fig. 3.82d  when 𝜌 = 2𝜌0. 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 Fig. 3.82d , the wear site is far away from the crack initiation site in Fig. 
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3.%2c  at 𝑁𝑜.5 thread root. It should be noted that in this study, high strength nut with 

a height of 16mm is 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. 

 

  

   

2a  𝜌=𝜌0, 𝛼=15 μm 2𝜎a=130 MPa  
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2b  𝜌=2𝜌0, 𝛼=15 μm 2𝜎a=130 MPa  

   

2c  𝜌=𝜌0, 𝛼=15 μm 2𝜎a=130 MPa    2d  𝜌=2𝜌0, 𝛼=15 μm 2𝜎a=130 MPa  

Fig. 3.8 Crack configuration observed from the fractured specimen surface. 

3.3.2 FEM modeling and boundary conditions 

The stress at the thread root is calculated by applying the FEM software 

MSC.Marc/Mentat, 2012. Fig. 3.N shows an example of FEM mesh used in the 

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 2.1. The elasto-plastic analysis of the FEM model is performed under 

the same loading conditions as the experiments. The multi-linear stress-strain curves 

used in the simulation is shown in Fig. 3.10. The bolt head side of the clamped body is 

fixed, and axial force 𝐹𝑐  = 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 

𝜎𝑎=213 MPa and 𝜎𝑚=100 MPa, respectively.  
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Fig. 3.9 Axisymmetric FEM model when 𝜌 = 1𝜌0, 𝛼 = 0. 

 

 

Fig. 3.10 Stress strain curves used in the axi-symmetric analysis 

3.3.3 Stress amplitude versus mean stress under no pitch difference 

Fig. 3.11 shows the endurance limit diagrams with the Soderberg line of the plane 

specimen. Here, 𝜎𝑤 represents the fatigue strength under reversal stress 𝜎𝑚 =0 and 

𝜎𝑦 is the yield strength. The maximum tangential stress at each thread obtained by the 

FEM is plotted in terms of the stress amplitude 𝜎𝑎  = 2𝜎𝑚𝑎𝑥 − 𝜎𝑚𝑖𝑛  / 2 and the mean 

stress 𝜎𝑚  = 2𝜎𝑚𝑎𝑥 + 𝜎𝑚𝑖𝑛   / 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 

2 2𝜎𝑚/𝜎𝑦  +(𝜎𝑎 /𝜎𝑤  >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 [N%–100].  In this paper, the Soderberg line of the plain specimen is used to 

discuss the relative hazard at the bolt roots. 
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2a  𝜌=𝜌0, 2𝜌0 when α=0µm  2b  𝜌=𝜌0, 2𝜌0 when 𝛼=15µm 

Fig. 3.11 Endurance limit diagram when 𝐹𝑎 = 14.1kN 

 

When 𝛼=0, from Fig. 3.112a , the most dangerous part locates at No.2 thread. By 

enlarging the root radius from 𝜌 = 𝜌0 to 𝜌 = 2𝜌0, at 𝑁𝑜.2 thread, the mean stress 

decreases by about 6% and the stress amplitude decreases by about 38%. When 𝛼 =
 15μm , from Fig. 3.112b , the most dangerous part locates around 𝑁𝑜. 6 and 𝑁𝑜. % 

threads of the bolt. By enlarging the root radius from 𝜌 = 𝜌0  to 𝜌 = 2𝜌0,  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 difference 𝛼=33μm. Those 

analytical results in Fig. 3.11 are in good agreement with the fracture surface 

observation in Fig. 3.%. For bolt nut connections without pitch difference 𝛼=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.% threads far from the bolt head and then extend to 𝑁𝑜.2 thread near the 

bolt head side, where the final break occurs.  

 

3.3.4 Stress amplitude versus mean stress under pitch differences 

Fig. 3.12 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 𝜌 = 𝜌0 and 𝜌 = 2𝜌0 are compared. From Figure N, it can be seen 

that when increasing the pitch difference from 𝛼 =  15μm to 𝛼 =  33μm, the stress 

distributions for the bolt with a root radius of 𝜌 = 𝜌0 and 𝜌 = 2𝜌0 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. 
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2a  𝜌 = 𝜌0 when 𝛼=15µm and 33µm  2b  𝜌 = 2𝜌0 when 𝛼=15µm and 33µm 

 

Fig. 3.12 Endurance limit diagram when Fa=14.1kN 

 

3.4 Anti-loosening performance under enlarged root radius 

As described in the above sections, the fatigue limit improvement was 

experimentally verified, and the stress reduction was analytically clarified by enlarging 

the thread root radius 𝜌  and providing suitable pitch difference 𝛼 . 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. 

               

Fig. 3.13 Illustration of the thread contact status during the screwing, tightening, 

untightening, and unscrewing of pitch difference nut. 
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3.4.1 Analysis method 

Fig. 3.13 illustrates the nut screwing process from A to D, and the nut tightening 

process from E to G. Fig. 3.13 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 𝑇𝑃  required in the nut screwing is zero as 𝑇𝑃 =0, but when α ≠

0,  the prevailing torque 𝑇𝑃  is no longer 0 as 𝑇𝑃 ≠ 0 . This prevailing torque 𝑇𝑃  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 [58]. 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 dimensions of M16 

bolt-nut are chosen to be the same. The length of the bolts used for anti-loosening 

experiments is %6mm, 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 [84]. 

Three-dimensional FEM models were simulated by ANSYS WORKBENCH 16.2. 

As shown in Fig. 3.14, the bolt head and the nut shapes are simplified by cylinders to 

save the calculation time. Fig. 3.142a  shows the FEM mesh for M16 bolt-nut when the 

pitch difference 𝛼=0 and the root radius 𝜌=𝜌0 with the total element number 1%5N0% 

and the total node number 346%12. The results are confirmed to be accurate enough 

since the maximum relative error is less than a few percent by applying the refined 

smaller mesh to the contact surface with a much larger calculation time. Fig. 3.142b  

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 𝑇𝑃 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 𝜃=18 degree, the 

nut moves to the left by 0.1 mm and touches the clamped body. The material property 

in Table 2 is used in FEM analysis, assuming the clamped body is also SCM435. 

Bilinear elasto-plastic stress-strain relations are applied instead of multi-linear relations 

to save the calculation time. Then, the Newton-Raphson approach is used to solve 

nonlinear problems. The upper thread of the bolt is supposed to contact to the lower 

thread of the nut, and the lower thread of the bolt is supposed to contact to the upper 

thread of the nut. The friction coefficient between the threads is denoted as 𝜇𝑠, and the 

friction coefficient between the nut and the clamped body is denoted as 𝜇𝑤. Previous 

studies have proven that the thread friction coefficient 𝜇𝑠 is in the range 0.11 to 0.15, 

and the underhead friction coefficient 𝜇𝑤 is in the range 0.16 to 0.18 [101]. In this 

study, 𝜇𝑠 = 0.12  and 𝜇𝑤 = 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 [81]. Elliott et al. studied the behaviour and strength of bolted 
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connections failing in shear, and found that the shear resistance of a bolted connection 

is not significantly affected by the hole clearances [N2]. In this section of this study, all 

the diameters of bolt holes are 16.8mm. 

 

     

2a  FEM mesh model                 2b Boundary conditions. 

Fig. 3.14 FEM model and boundary conditions for tightening and untightening 

process. 

 

After the nut contacts the clamped body, the tightening force 𝐹  v.s. tightening 

torque 𝑇 relation, that is the 𝐹 − 𝑇 relation can be obtained from point E to point G 

in Fig. 3.13. After the tightening process is finished, the loosening process can be 

analyzed subsequently from point G to point E as shown in Fig. 3.13. The nut rotation 

angle 𝜃  to produce specified clamping force 𝐹25% , which is 25 percent bolt axial 

yielding force, cannot be known beforehand. Therefore, the analysis is performed as 

shown in the following step 2i  and step 2ii . 

2i  Applying a sufficiently large rotation angle 𝜃 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 𝜃25% corresponding to the fastening force 𝐹25%can be obtained.  

2ii  Tightening the nut by using the rotation angle 𝜃25% obtained in the process 2i . 

After the tightening force reaches 𝐹25% , untighten the nut by an anti-tightening 

angle −𝜃25%. 

 

3.4.2 Results and discussion for 𝑻 − 𝜽 relation  

Fig. 3.15 shows the 𝑇 − 𝜃 relation, that is, the tightening torque 𝑇 versus the nut 

rotation angle 𝜃 relation during the screwing and tightening processes when the bolt 

root radius 𝜌 = 1𝜌0. During the nut screwing, 𝑇𝑃 = 0 when 𝛼 = 0; however, 𝑇𝑃 ≠

0 when 𝛼 ≠ 0. During the nut tightening, it should be noted that the gradient 𝑑𝑇/𝑑𝜃 

varies depending on the pitch difference  𝛼. T he gradient 𝑑𝑇/𝑑𝜃  when 𝛼 = 0  is 

larger than the gradient 𝑑𝑇/𝑑𝜃  when 𝛼 = 33µm. During the entire nut tightening 

process, 𝑑𝑇/𝑑𝜃 = 𝑐𝑜𝑛𝑠𝑡  when 𝛼 = 0 ; however, when  𝛼 ≠ 0 , the gradient 𝑑𝑇/

𝑑𝜃 = 𝑐𝑜𝑛𝑠𝑡 but the constant value is slightly changed at point F2 as in Fig. 3.15. In 
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Fig. 3.15, the slope ratio of the lines E1G1, E2F2, and F2G2 are denoted by 𝑡𝑎𝑛𝜃1, 𝑡𝑎𝑛𝜃2 

and 𝑡𝑎𝑛𝜃3, respectively. It is found that the angles have the relation 𝜃1 > 𝜃3 > 𝜃2. 

This can be explained in the following way.  

Fig. 3.16 illustrates why the 𝑇 − 𝜃 relation can be depicted as shown in Fig. 3.15 by 

illustrating the thread contact status. From Fig. 3.16, it is seen that when 𝛼 = 0, the 

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

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

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

clamped body and the nut whose height is 𝐻𝑐 + 𝐻. This is because 𝑁𝑜.6 or 𝑁𝑜.% nut 

thread near the nut end may carry most of the load. At the nut position from E2 to the 

nut position F2 in Fig. 3.16 2b , 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 Fig. 3.15. In the 

case of Fig. 3.15, the angle 𝜃1 = 165 degree > 𝜃3 = 157 degree > 𝜃2 =

156 degree. 

 

 

Fig. 3.15 Relationship between the and tightening torque 𝑇 and the nut rotation 

angle 𝜃 during the screwing and tightening process when 𝜌=1𝜌0  
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2A  α=0µm                           2B  α > 0µm 

Fig. 3.16 Illustration why the 𝑇 − 𝜃 relation can be depicted as shown in Fig. 3.15 

during the tightening and untightening processes 

 

3.4.3 Results and discussion for 𝑭 − 𝑻 relation 

Fig. 3.1% shows the tightening force 𝑇  vs. the torque 𝑇  relation when 𝜌 = 1𝜌0 

and 𝜌 = 2𝜌0  with 𝛼 =  0  and 𝛼 = 33µ𝑚 . In the previous study, the authors 

conducted impact-vibration test prescribed in NAS3350 2National Aerospace Standard  

for M16 pitch difference nut. Then, anti-loosening is confirmed for 𝛼 ≥ 33µ𝑚 

showing the prevailing torque 𝑇𝑃 =  3039Nm  for JIS M16 [80]. Such good anti-

loosening was also reported for “U-nut” widely used in the world although U-nut has 

relatively smaller prevailing torque 𝑇𝑃=1.5Nm for JIS M12 [62]. Another special nut 

named “Super Slit Nut” is also accessible in the market showing 𝑇𝑃= 15Nm ~1NNm 

for JIS M16 with good anti-loosening [60]. As shown in Fig. 3.1%, the FEM analysis 

shows that the pitch difference nut has 𝑇𝑃= 1NNm even when 𝜌 = 2𝜌0, 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 Fig. 3.1%, when 𝛼 =  0, the clamping force 𝐹 appears once 𝑇 applies. 

However, when  𝛼 = 33µ𝑚 , the clamping force 𝐹  appears only after the torque 

exceeds the prevailing torque as 𝑇 ≥ 𝑇𝑝 . After the tightening force reaches 𝐹=𝐹25% 

producing 25% of the bolt yield stress 𝜎𝑦 =800MPa 2see Table 2.1 , untightening 

process starts by reversing torque 𝑇. During this process, tightening force 𝐹 decreases 

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

larger than that of 𝛼 =  0. And even when 𝐹 = 0 the reverse torque is not zero as 

𝑇=𝑇𝑝
𝑢> 0, which is named as residual prevailing torque and discussed in the recent 

paper [84]. In Fig. 3.1%, the light green zone illustrates the difference between 𝛼 =  0 

and 𝛼 = 33µm defined in equation 22-1 . Such torque difference in equation 22-1  

can be regarded as the loosening resistance torque 𝑇𝑝
𝑢 contributing to anti-loosening 

2see Appendix A . 
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𝑇𝑃
𝑢 = |𝑇𝑃|𝛼>0 −  |𝑇𝑃|𝛼=0     22-1  

 

As shown in Fig. 3.1%2b , when 𝜌 = 2𝜌0  and 𝛼 =  33μm , the light green zone 

region 𝑇𝑝
𝑢 in equation 21  is comparatively smaller. However both 𝑇𝑝 and 𝑇𝑝

𝑢 appear 

in a similar way of 𝜌 = 1𝜌0 and 𝛼 =  33μm in Fig. 3.1%2a  and those values 𝑇𝑝 and 

𝑇𝑝
𝑢  are not smaller compared to U-nut and Super Slit Nut as described above. The 

recent study showed that the loosening resistance torque 𝑇𝑝
𝑢 increases with increasing 

the pitch difference α as well as the prevailing torque 𝑇𝑝 [84]. Therefore, Fig. 3.1%2b  

suggests that even when the bolt root radius is enlarged, the anti-loosening performance 

can be expected under the suitable pitch difference. 

 

 
2A  ρ=1ρ0                             2B  ρ=2ρ0  

 

2C  ρ=3ρ0 

Fig. 3.17 Relation between tightening torque 𝑇 and clamping force 𝐹. 
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Table 3.4 Prevailing torque 𝑇𝑃 , residual prevailing torque 𝑇𝑃
𝑢 , median loosening 

resistance torque �̃�𝑅
𝑢  under 𝐹 = 𝐹25%  for M16 with different root radii and a pitch 

difference of 𝛼 = 33μm 

 𝑇𝑃 (Nm) 𝑇𝑃
𝑢 (Nm) �̃�𝑅

𝑢(Nm) 

𝜌 = 𝜌0 39.0 37.0 20.0 

𝜌 = 2𝜌0 19.3 15.5 7.7 

𝜌 = 3𝜌0 15.4 10.3 5.1 

 

It should be noted that common bolted joints 𝛼 =  0 are loosening resistant only 

when sufficient tightening force 𝐹 is provided; therefore, for example, no loosening 

resistance at 𝐹=0 in Fig. 3.1%. Instead, 𝛼 =  33µ𝑚 has larger loosening resistance as 

and even at 𝐹 =0, the residual previaling torque for 𝜌 = 2𝜌0  and 𝜌 = 3𝜌0  are 

1N.3Nm and 15.4Nm, and are in the range of residual prevaing torque of M16 SLN 

[60].  

3.5 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. 

 

21  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  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.% 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.  

23  By varying the root radius 𝜌 and the pitch differences 𝛼, 𝐹 − 𝑇 relation, that 

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

3D FEM. When 𝜌 = 2𝜌0 and 𝛼 = 33µ𝑚, it was confirmed that the prevailing torque 

𝑇𝑃= 1NNm and the residual prevailing torque 𝑇𝑃
𝑢 =  10Nm even at 𝐹=0. Since those 
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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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Chapter 4. Nut height effect on fatigue strength and anti-

loosening performance of pitch difference bolt nut 

connections 

4.1 Introduction 

As shown in Fig. 1.12, introducing a pitch difference between the bolt and the nut 

and improve anti-loosening performance and fatigue life of bolt nut connections, but 

fatigue life improvement reaches the maximum value at smaller pitch difference, and 

large pitch difference is needed for excellent anti-loosening performance.  

In this chapter, M12 bolt nut connections with two different nut heights, i.e., 𝐻 =

10.5mm  and 𝐻 = 14.0mm,  and with a series of pitch differences are used to 

investigate the nut height effect of bolt nut connections with pitch difference on anti-

loosening performances and fatigue properties. The relations between tightening torque 

and clamping forces are obtained by experiments and FE analysis. Moreover, the 

Junkers’ loosening experiments of the specimens are also simulated by using FEM. 

Besides, the fatigue limit diagrams of the bolt nut connections are obtained by the 

axisymmetric model. It is found that by increasing the nut height for pitch difference 

bolt nut connections, the most suitable pitch difference of anti-loosening performance 

will decrease and the most suitable pitch difference for fatigue life improvement almost 

remains the same, the schematic illustration is shown in Fig. 4.1. Thus, a better 

combination of fatigue life improvement and anti-loosening performance of pitch 

difference bolt nut connections. 

 

Fig. 4.1 Schematic illustration of the anti-loosening and fatigue life improvement 
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4.2 tightening and loosening process of Specimen 

4.2.1 Size of specimens 

Fig. 4.2 illustrates the size M12 bolt nut connections with a standard nut height of 

𝐻 =10.5mm and a longer nut with a height of 𝐻 =14.0mm in this paper. Both the 

Japanese Industry Standard 2JIS  bolt and nut are the same, and the pitch is 𝑝=1%50μm. 

However, in this study, although the bolt pitch is 𝑝 =1%50μm, the nut pitch is 𝛼 𝜇𝑚 

than that of the bolt. Fig. 4.22b  illustrates the thread clearance in the axial-direction 

𝐶𝑧=5N𝜇𝑚 and the one in the transverse-direction 𝐶𝑥=102𝜇𝑚. Both the bolt and the 

nut are made by rolling with less than 3𝜇𝑚 manufacturing error. For all the specimens 

used in this study, both sides of the nut thread are chamfered. The chamfer plane angle 

is 45 degrees, and the chamfer distances from the edges are 1.5mm . Fig. 4.22c  

illustrates nut thread geometry for the normal nut height 𝐻 = 10.5mm with 𝑚 = 4 

and 𝐻 = 14.0mm  with 𝑚 = 6 . Here, 𝑛  is number of complete threads excluding 

chamfered threads at both ends in Fig. 4.22c . Table 2.1 shows the properties of the bolt 

material, JIS Chromium-molybdenum steel SCM 435 and the nut material medium 

carbon steel, JIS S45C. 

 

   

(a) Nut height 𝐻 =10.5mm, 𝐻 =14.0mm  2b  Pitch difference and clearance 

 

 

2c  Nut thread geometry when 𝐻 =10.5mm 𝑚 =4 and 𝐻 =14.0mm 𝑚 =6 where 

𝑚 is the complete thread number excluding chamfered threads at both nut ends    

Fig. 4.2 M12 bolt nut connections used in the experiments 
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4.2.2 experimental and FEM conditions 

Fig. 4.3 shows the picture of the experiment device based on NST series 2JIS B 1084  

and a sketch of the state of the bolt nut connections on the machine. Molybdenum 

disulfide lubricant spray is used as the lubricating oil between the thread surface 

between the bolt and the nut. In the screwing in process, as shown in Fig. 2.32a , the 

nut is screwed in by using a torque wrench 2DB 50N  until the nut contacts the clamped 

body. The tightening torque and the axial force during the tightening process can be 

obtained by the torque sensor and the stress sensor, respectively. Besides, the under-

head friction coefficient 𝜇𝑤 and the thread friction coefficient 𝜇𝑠 during the whole 

process can be obtained by the machine. 

 

 

(a) experiment device          2b  sketch of the device 

Fig. 4.3 Nut tightening experiment device based on NST series 2JIS B 1084  

 

Fig. 4.42a  shows the experimental results of the relationship between the tightening 

torque and clamping force for M12 under different nut height. The yield stress of the 

material of the bolt is 800MPa, and the cross-sectional area of the bolt is about 

84.3mm2. Thus, the clamping force when the tensile stress in the bolt reaches the yield 

stress is 𝐹100% = 68kN. From Fig. 4.42a , it can be seen that, when the clamping force 

is 𝐹50% = 33.7kN  and 𝐹25% = 16.8kN  of the yield stress, the corresponding 

tightening torque is 86Nm and 48Nm, respectively.  

Motosh [22,102] proposed the following equation, which can express the relation 

between the tightening torque and the clamping force for standard bolt nut connections 

2see Appendix C  

 

Table 4.1 Variables used for Eq. C.1. 

Pitch 

diameter 

𝑑2(mm) 

Half angle 

of the 

thread 𝛽(°) 

Friction coefficient 
Thread 

pitch

𝑝(mm) 

Bolt bearing 

surface outer 

diameter 

𝑑0(mm) 

Bolt hole 

diameter 

𝑑ℎ(mm) 

Thread 

surface 𝜇𝑠 

Bearing 

surface 𝜇𝑤 

10.863 30 0.14 0.1% 1.%5 1N 13.5 
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In practice, the thread friction coefficient 𝜇𝑠 and the under-head friction coefficient 

𝜇𝑤 are sometimes assumed to be the same [103]. The two friction coefficients can be 

affected by many factors, such as, fastening speed, surface treatment, and lubrication 

[104,105]. In Liu’s research [106], it is found that the 𝜇𝑚 can be denoted from 0.132 

to 0.02N when using 𝑀𝑜𝑆2 as the lubrication, and in the authors’ another paper, the 

𝜇𝑚 is assumed as 0.15 [%1]. In Udagawa’s research, the thread friction coefficient μs 

is between 0.0N and 0.12 when using MoS2 as the lubrication [101]. 

In this study, during the tightening process, the under-head friction coefficient 𝜇𝑤 

fluctuant between 0.16 and 0.18, and the thread friction coefficient 𝜇𝑠 is in the range 

between 0.11 and 0.15. Therefore, the under-head friction coefficient is chosen as 0.1%. 

If the thread friction coefficient is chosen as 0.14, the tightening force is 33.8kN when 

the tightening force is 86Nm. The theoretical relation between the tightening torque and 

clamping force when 𝜇𝑠 = 0.14, 𝜇𝑤 = 0.17 is shown in Fig. 4.42b . 

 

 

(a) experimental results            2b  theoretical results 

Fig. 4.4 Relation between tightening torque and clamping force 

 

By comparing Fig. 4.42a  and 4.42b , it can be seen that the theoretical tightening 

torque at 𝐹25% = 16.8kN  for 𝜇𝑠 = 0.14, 𝜇𝑤 = 0.17  is smaller than that of the 

experimental result. Table 4.2 shows the experimental, theoretical and FEM results of 

tightening torque under different tightening forces. From Table 4.2, it can be seen that 

the tightening torques at 𝐹50% = 33.7kN obtained by experiments, equation 24.1  and 

FEM are the same, the tightening torque at 𝐹25% = 16.8kN fluctuant within a small 

range. Therefore, in the following part of the tightening and untightening process of 

this study, the under-head friction coefficient 𝜇𝑤 and the thread friction coefficient 𝜇𝑠 

are chosen as 0.1% and 0.14, respectively. 
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Table 4.2 The relation between tightening torque and clamping force at 25% and 50% 

of the material’s yield stress of the bolts. 

 Tightening torque T2Nm  

Experimental 

results 

theoretical results 

𝜇𝑠 = 0.14, 𝜇𝑤

= 0.17 

FEM results 

𝜇𝑠 = 0.14, 𝜇𝑤

= 0.17 

𝐹25% = 16.8kN 45 43 45 

𝐹50% = 33.7kN 85 85 85 

4.3. comparison of the relation of tightening torque and clamping 

force under different nut height 

4.3.1 FEM model and boundary conditions 

The 𝐹 − 𝑇 relation, that is, the clamping force 𝐹 versus the tightening torque 𝑇 

relation is investigated by applying FEM during the tightening and untightening process 

2see Appendix A, B, C . Fig. 4.5 shows the FEM model for the 𝐹 − 𝑇 relation where 

the cylindrical bolt head is fixed is fixed at the right side and the cylindrical clamped 

body is fixed at the left side with rotating the cylindrical nut. The clamped body height 

is set as 20mm. In Fig. 4.5, to save the calculation time, the initial nut position is just 

0.05mm away from the clamped body. Table 1 shows the materials of the bolt, the nut, 

and the clamped body. 

 

 

Fig. 4.5 boundary conditions 

 

In this three-dimensional FEM simulation, the minimum element at the contact 

thread surfaces has a dimension 1.0mm; then, total number of elements is 55613, and 

the total number of nodes is 115852 when 𝐻 = 10.5mm  and 𝑝 = 1750μm . As 

described in Appendix C, to fit the FEM simulation results with the experimental results, 
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the friction coefficient at the thread surface is chosen as 𝜇𝑠 = 0.14 and the friction 

coefficient at the bearing surface are chosen as 𝜇𝑤 = 0.17 . FEM software ANSYS 

workbench 16.2 is used for 3D FEM analysis. Bilinear elastoplastic stress-strain 

relations are applied to save the calculation time. Newton-Raphson's approach is used 

to solve the problem. 

 

4.3.2 F-T relations obtained by experiment and FEM analysis 

 

 

2a  𝐻 = 10.5mm with number of threads 𝑚=4  2b  𝐻 = 14.0mm with number of 

threads   𝑚=6  

Fig. 4.6 𝐹 − 𝑇 relations are identical during tightening when 2a  𝐻 = 10.5mm, 𝛼 =

0~45μm and 2b  𝐻 = 14.0mm, 𝛼 = 0~30μm  

 

Fig. 4.6 shows the 𝐹 − 𝑇 relation during tightening obtained by FEM analysis when 

2a  𝐻 = 10.5mm and 2b  𝐻 = 14.0mm. As shown in Fig. 4.6, the 𝐹 − 𝑇 relation of 

𝐻 = 10.5mm, 𝛼 = 30𝜇𝑚 is almost the same as the 𝐹 − 𝑇 relation of 𝐻 = 14.0mm, 

𝛼 = 20𝜇𝑚 . Also, the 𝐹 − 𝑇  relation of 𝐻 = 10.5mm , 𝛼 = 38𝜇𝑚  is almost the 

same as the  𝐹 − 𝑇  relation of 𝐻 = 14.0mm , 𝛼 = 25𝜇𝑚 . Similarly, the 𝐹 − 𝑇 

relation of 𝐻 = 10.5mm , 𝛼 = 45𝜇𝑚  is almost the same as the 𝐹 − 𝑇  relation of 

𝐻 = 14.0mm, 𝛼 = 30𝜇𝑚.  

As shown in Fig. 4.22c , the normal nut height𝐻 = 10.5mm  includes 4 threads, 

𝑚 = 4 excluding chamfered threads at both ends. The longer nut height 𝐻 = 14.0mm 

includes 6 threads, 𝑚 = 6 . These difference 𝑚 =4 and 𝑚 =6 affects anti-loosening 

coupled with pitch difference 𝛼. Focusing on the total pitch difference 𝑚𝛼, Table 4.3 

illustrates several combinations 𝑚, 𝛼 when 𝑚𝛼 is almost the same.  

Fig. 4.%2a  shows the prevailing torque 𝑇𝑝  versus 𝛼  relation obtained by FEM 

analysis. It is seen that 𝑇𝑝 increases with increasing 𝛼. As shown in Fig. 4.%2b , the 

same  𝑇𝑝 can be provided when 𝑚𝛼 is the same. In Appendix B, some other anti-

loosening parameters are discussed. More directly, under the same 𝑚𝛼, nut loosening 

simulation will be performed in the next section. Table 4.3 shows several combinations 
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𝑚 and 𝛼 where the total pitch difference 𝑚𝛼 is almost the same.  

Table 4.3 Combinations 𝑚, 𝛼 where the total pitch difference 𝑚𝛼 is almost the 

same when 𝐻 = 10.5mm, 𝑚 = 4, and 𝐻 = 14.0mm, 𝑚 = 6 2𝑚= number of 

complete threads excluding chamfered thread  

𝐻 = 10.5mm 2𝑚 = 4  𝐻 = 14.0mm 2𝑚 = 6  

Pitch difference α 2μm  𝑛𝛼 Pitch difference α 2μm  𝑛𝛼 

25 100 1% 102 

30 120 20 120 

38 152 25 150 

45 180 30 180 

 

 

 2a  𝑇𝑝 ,versus 𝛼          2b  𝑇𝑝 , versus 𝑚𝛼 

Fig. 4.7 Prevailing torque 𝑇𝑝 controlled by the total pitch difference 𝑚𝛼  

 

Including untightening process, Fig. 4.8 shows the whole 𝐹 − 𝑇  relation for 2a  

𝐻 = 10.5mm ,  𝛼 = 45μm  and 2b  𝐻 = 14.0mm,  𝛼 = 30μm.  The results for the 

common nut 𝛼 = 0  are also indicated by the solid grey lines. For 𝛼 = 0 , 𝑇25% =

45Nm  provides 𝐹 = 𝐹25% = 16.8kN.  When the nut is tightened by 𝑇  ≤𝑇25% =

45Nm, Fig. 4.8 shows the clamping force F is almost the same, which is about %2% of 

𝐹 = 𝐹25% = 16.8kN for 𝛼 = 0. Fig. 4.8 confirms that the 𝐹 − 𝑇 relations are almost 

identical for 2a  𝐻 =10.5mm, 𝛼 = 45μm and 2b  𝐻 =10.5mm. In Fig. 4.8, the FEM 

results denoted by the solid line coincide well with the experimental results denoted by 

the doted points.  

Fig. 4.N shows the 𝐹 − 𝑇  relation when the nut is tightened by 𝑇  ≤ 𝑇50% =

85Nm.  For 𝛼 = 0 , 𝑇50% = 85Nm  provides 𝐹 = 𝐹50% = 33.8kN . During the 

tightening 𝑇  ≤𝑇50% = 85Nm,  the 𝐹 − 𝑇  relation when 𝛼 = 0  coincides with the 

𝐹 − 𝑇 relation of 𝛼 = 30𝜇𝑚 and 𝛼 = 45𝜇𝑚 when T is large enough. As shown in 

Fig. 4.N, the 𝐹 − 𝑇 relations are also identical for 2a  𝐻 =10.5mm, 𝛼 = 45μm and 

2b  𝐻 =14.0mm, 𝛼 = 30μm.  
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2a  𝐻 = 10.5mm, 𝛼 = 45μm       2b  𝐻 =14.0mm, 𝛼 = 30μm 

Fig. 4.8 F-T relations are identical when the total pitch difference 𝑚𝛼 = 180 for 2a  

𝐻 = 10.5mm, 𝛼 = 45μm and 2b  𝐻 =14.0mm, 𝛼 = 30μm under 𝑇 ≤ 𝑇25% =

45Nm  

 

 

2a  𝐻 = 10.5mm, 𝛼 = 45μm 2b  𝐻 = 14.0mm, 𝛼 = 30μm 

Fig. 4.9 F-T relations are identical when the total pitch difference 𝑚𝛼 = 180 for 2a  

𝐻 = 10.5mm, 𝛼 = 45μm and 2b  𝐻 = 14.0mm, 𝛼 = 30μm under 𝑇 ≤ 𝑇50% =

85Nm  

 

In Fig. 4.8 and Fig. 4.N, 𝑇 ≥ 0  represents tightening, and 𝑇 < 0  represents 

untightening. During 𝑇 ≥ 0, the nut can be tightened by the experimental device in Fig. 

4.3, recording 𝑇 and 𝐹 on the device. However, during 𝑇 < 0, the nut is untightened 

by a torque wrench by hand, including relatively larger errors in 𝑇 and 𝐹. In addition, 

some other aspects may cause errors. First, there is a manufacturing error in the pitch, 

which has been discussed in the authors’ previous paper [81]. Second, since the material 

is softer than that of the bolt, thread wear may happen during the tightening process, 

especially when the pitch difference is larger. Thus, there might be a slight shape change 

of the thread of the nut, and the friction coefficient may change accordingly. 

Furthermore, the friction coefficients are not the same in the tightening and 

untightening process, even though fluctuating in a small range. In the FE analysis, the 
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friction coefficients have to be a constant value. Overall, the 𝐹 − 𝑇 relations are in 

good agreement in the experiment and FEM simulation. In the next section 4.3.3, the 

same anti-loosening will be confirmed directly by performing the loosening simulation 

for 𝐻 = 10.5mm with 𝑚 = 4 and 𝐻 = 14.0mm with 𝑚 = 6 in Table 4.3. 

 

4.3.3 FEM simulation for nut loosening  

In this study, FEM simulation is performed to confirm the anti-loosening ability more 

directly than the prevailing torque 𝑇𝑃 and the 𝐹 − 𝑇 relations. Two loosening tests 

are popularly used to measure the anti-loosening performance of bolt nut connections. 

One is the transverse impact vibration test based on NAS 3350 2National Aerospace 

Standard , and the other is the Junker test, whose loosening process is adopted in 

international fastener standards such as DIN 65151. Since the vibration in the NAS3350 

test is time-depending and complex, this study focuses on the Junker test, where 

transverse cyclic vibration is applied based on DIN 65151. 

Fig. 4.102a  shows a schematic illustration of a Junker test. Under constant alternative 

transverse displacement is applied to the movable plate, the loosening of s. Fig. 4.102b  

shows the simplified model for FEM loosening simulation in this study. As a boundary 

condition, the bolt head is fixed, and the bolt head side of the clamped body is fixed in 

the bolt axial direction. Then, the cyclic transverse displacement is applied to the 

movable plate as 𝑢𝑥 = ±𝑢𝑥0 = ±0.7mm. In the simulation, the initial nut tightening 

force is set as 𝐹25% = 16.8kN. Then, the clamped movable body vibrates for 20 cycles 

so that the change of clamping force can be obtained. FEM software ANSYS 

workbench 16.2 is used for 3D FEM simulation. Bilinear elastoplastic stress-strain 

relations are applied to save the calculation time. Newton-Raphson's approach is used 

to solve the problem.  

 

 

2a  Schematic illustration of a Junker test       2b  Simplified FEM model 

Fig. 4.10 Schematic illustration of a Junker test and FEM simulation model  

Fig. 4.11 shows the variation of clamping forces 𝐹  under alternative transverse 

https://en.wikipedia.org/wiki/Deutsches_Institut_f%C3%BCr_Normung
https://en.wikipedia.org/wiki/Deutsches_Institut_f%C3%BCr_Normung
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loading in Fig. 10 when the total pitch difference 𝑚𝛼 = 0, 100, 120, 150μm. It is seen 

that with increasing 𝑚𝛼 the reduction rate of 𝐹 decreases. For example, Fig. 4.112b  

shows some differences between the two lines, but they are close and different from 

Fig. 4.112a  and Fig. 4.112c . From Fig. 4.112a -2d , it may be concluded that the anti-

loosening performance is almost the same under the same 𝑚𝛼. In other words, the 

same anti-loosening performance can be expected under the same 𝑚𝛼. Therefore, the 

same anti-loosening can be obtained by smaller 𝛼 with increasing H. This is useful for 

improving anti-loosening because under standard H the suitable 𝛼1  for the fatigue 

strength is relatively smaller than the suitable 𝛼2 for the anti-loosening as 𝛼1< 𝛼2 

2see Fig. 4.1 .  

    

 

(a) 𝑚𝛼 = 0, H=10.5mm, 𝛼 = 0𝜇𝑚 vs 

𝑚𝛼 = 0, H=14.0mm, 𝛼 = 0𝜇𝑚 

2b  𝑚𝛼 = 100, H=10.5mm, 𝛼 = 25𝜇𝑚 

vs 𝑚𝛼 = 102, H=14.0mm, 𝛼 = 17𝜇𝑚 

 

 

2c  𝑚𝛼 = 120, H =10.5mm, 𝛼 = 30𝜇𝑚 

vs 𝑚𝛼 = 120, H=14.0mm, 𝛼 = 20𝜇𝑚 

2d  𝑚𝛼 = 152, H=10.5mm, 𝛼 = 38𝜇𝑚 

vs 𝑚𝛼 = 150, H=14.0mm, 𝛼 = 25𝜇𝑚 

Fig. 4.11 Variation of clamping forces F due to alternative transverse vibration in Fig. 

4.10  
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4.4 Fatigue strength by varying nut height and pitch difference 

4.4.1 FEM simulation for fatigue strength  

In this section, the effect of 𝐻  on fatigue strength is discussed. The authors’ 

previous studies [%6,%%] indicated that 𝛼 = 15μm in JIS M16 bolt–nut improves the 

fatigue life by about 1.5 times compared to 𝛼 = 0 although the fatigue limit does not 

increase. The recent study [10%] showed that both the fatigue limit and the fatigue life 

can be significantly improved by enlarging the thread root radius and introducing an 

appropriate pitch difference at the same time. 

Fig. 4.122a  and 4.122b  illustrate the axisymmetric FEM model for the nut heights 

𝐻 = 10.5mm  and 𝐻 = 14.0mm  considering the real nut thread in Fig. 4.22c . To 

clarify the stress concentration, the bolt thread roots are numbered as -3, -2, -1, 1, 2, 

3, …as shown in Fig. 4.122a  and 4.122b . In this modeling, the bolt head side of the 

clamped body is fixed as shown in Fig. 4.122c ; then, after tightening of the nut, a 

sinusoidal periodic load is applied on the bolt head. The average stress 𝜎𝑚 = 213MPa 

and the stress amplitude 𝜎𝑎 = 100MPa  are applied, which are used in the authors’ 

previous research [%6]. Then, the corresponding cyclic load 𝐹𝑐 is 𝐹𝑐 = 16.2 ± 7.6𝐾𝑁. 

 The bolt material and the clamped plate material are SCM435 and the nut material 

is S45C to match the experiment. Multi-linear isotropic hardening shown in Fig. 3.10 

is applied to express the plasticity following Von Mises yield criterion. The smallest 

element dimensions around the thread roots are about 0.01𝑚𝑚 × 0.005𝑚𝑚 . FEM 

software MSC.Marc/Mentat 2012 is used for the axisymmetric analysis. The total 

number of elements is 10680 for the nut 𝐻 = 10.5mm, and about 40000 for the bolt 

and the clamped body.  

 

 

2a  Axisymmetric model for H =10.5mm   2b  Axisymmetric model for H =14.0mm 
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2c  FEM mesh for H =14.0mm, 𝛼 = 0𝜇𝑚 

Fig. 4.12 Axisymmetric FEM model with the bolt thread number and FEM mesh for 

fatigue strength analysis where the bolt root radius 𝜌 = 𝜌0 = 0.25𝑚𝑚 is the 

standard of M12 bolt 

 

4.4.2 Endurance limit diagram with stress at each thread 

Fig. 4.132a  shows the endurance limit diagram at each thread under the average 

stress 𝜎𝑚 = 213MPa and the stress amplitude 𝜎𝑎 = 100MPa. In this paper, among 

the several studies [N%–100] the Soderberg line of a plain specimen is used to discuss 

the relative hazard at the bolt roots. Here, 𝜎𝑤 represents the fatigue strength under 

reversal stress 𝜎𝑚 =0 and 𝜎𝑦 is the yield strength. The maximum tangential stress at 

each thread obtained by the FEM is plotted in terms of the stress amplitude 𝜎𝑎   = 

2𝜎𝑚𝑎𝑥 − 𝜎𝑚𝑖𝑛  / 2 and the mean stress 𝜎𝑚 = 2𝜎𝑚𝑎𝑥 + 𝜎𝑚𝑖𝑛  / 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 2 2𝜎𝑚/𝜎𝑦  +(𝜎𝑎  /𝜎𝑤  >1   does not represent the real fracture at the 

bolt thread.  

When 𝛼 = 0, independent of 𝐻, Fig. 4.132a  illustrates the most dangerous position 

locates at 𝑁𝑜.2 thread, which is the first engaged thread from the bolt head side. Fig. 

4.132b  and 4.132c  show the maximum and minimum tangential stress along the arc of 

the thread roots. The stress amplitude at 𝑁𝑜.2 thread for 𝐻 = 10.5mm is almost the 

same as that of 𝐻 = 14.0mm. When 𝛼 = 0, independent of 𝐻, the crack initiates at 

𝑁𝑜.2 threads, causing a final fracture at the same thread [ref]. 
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(a) Endurance limit for 𝐻 = 10.5mm, 𝛼 = 0 and 𝐻 = 14.0mm, 𝛼 = 0 where 

the bolt thread number in Fig. 4.122a ,2b  is indicated 

 

2b  Maximum and minimum stresses at each 

thread root for 𝐻 = 10.5mm, 𝛼 = 0                        

2c  Maximum and minimum stresses at each 

thread root for 𝐻 = 14.0mm, 𝛼 = 0                        

Fig. 4.13 Stress at each thread under the average stress 𝜎𝑚 = 213MPa and the stress 

amplitude 𝜎𝑎 = 100MPa for 𝐻 = 10.5mm, 𝛼 = 0 and 𝐻 = 14.0mm, 𝛼 = 0 

where the bolt thread number in Fig. 4.12 2a ,2b  is indicated 

 

For 𝛼 = 15μm in M12 bolt-nut, Fig. 4.142a  shows the endurance limit diagram 

under the average stress 𝜎𝑚 = 213MPa and the stress amplitude 𝜎𝑎 = 100MPa. It is 

seen that the most dangerous thread is 𝑁𝑜.5 or 𝑁𝑜.6 when 𝐻 = 10.5mm and 𝑁𝑜.6 

or 𝑁𝑜.% when 𝐻 = 14.0mm. The previous studies also showed that for 𝛼 = 15μm 

in JIS M16 bolt-nut, the most dangerous thread is 𝑁𝑜.6 or 𝑁𝑜.% [ref]. Fig. 4.142b  and 

4.142c  show the maximum and minimum tangential stress along the arc of the thread 

roots with 𝛼 = 15μm . For 𝐻 = 10.5mm , the maximum stress amplitude and the 

maximum mean stress loactes at 𝑁𝑜.4 and 𝑁𝑜.5 thread, and for 𝐻 = 14.0mm, the 

maximum stress amplitude and the maximum mean stress locates at 𝑁𝑜.6 and 𝑁𝑜.% 

thread. As shown in Fig. 4.142a , 2b , 2c , the maximum stress amplitude and the 

maximum mean stress are almost the same for 𝐻 = 10.5mm to 𝐻 = 14.0mm. In 

other words, the fatigue life of the nut with a pitch difference 𝛼 = 15μm is almost the 
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same independent of the nut height form 𝐻. Different from 𝛼 = 0, when 𝛼 ≥ 15μm 

the initial crack occurs from the right bolt end side and then propagate to the left bolt 

head side. Since the crack initiates at 𝑁𝑜.2 threads causing final fracture, the fatigue 

life can be extended [%6].   

 

 

2a  Endurance limit for 𝐻 = 10.5mm, 𝛼 = 15μm and 𝐻 = 14.0mm, 𝛼 = 15μm 

where the bolt thread number in Fig. 4.122a ,2b  is indicated  

 

2b  Maximum and minimum stresses at 

each thread root for 𝐻 = 10.5mm, 

𝛼 = 15μm                        

2c  Maximum and minimum stresses at 

each thread root for 𝐻 = 14.0mm, 

𝛼 = 15μm                        

Fig. 4.14 Stress at each thread under the average stress 𝜎𝑚 = 213MPa and the stress 

amplitude 𝜎𝑎 = 100MPa for 𝐻 = 10.5mm, 𝛼 = 15μm and 𝐻 = 14.0mm, 𝛼 =

15μm where the bolt thread number in Fig. 4.12 2a ,2b  is indicated 

 

For 𝛼 = 25μm in M12 bolt-nut, Fig. 4.15 shows the endurance limit diagram when 

𝐻 = 10.5mm and 𝐻 = 14.0mm. It is seen that the most dangerous thread is 𝑁𝑜.5 

when 𝐻 = 10.5mm and 𝑁𝑜.% when 𝐻 = 14.0mm, and the second most dangerous 

thread is 𝑁𝑜. 4 when 𝐻 = 10.5mm  and 𝑁𝑜. 6 when 𝐻 = 14.0mm . The stress 

amplitude for 𝐻 = 10.5mm at 𝑁𝑜.5 thread is 10.0% larger than the stress amplitude 

for 𝐻 = 14.0mm  at 𝑁𝑜. % thread, but the mean stress for 𝐻 = 14.0mm  at 𝑁𝑜. % 
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thread is 4.%% larger than the mean stress for 𝐻 = 10.5mm at 𝑁𝑜.5 thread. Overall, 

it may be concluded that the fatigue strength is almost the same independent of 𝐻 

under 𝛼 = 25μm. 

In this section 4.4, the FEM simulation was performed to investigate the effect of 𝐻 

on fatigue strength. From Fig. 4.13, Fig. 4.14, Fig. 4.15, it may be concluded that the 

fatigue strength of pitch difference nut connections is controlled by 𝛼  alone 

independent of 𝐻 . In section 4.3, it was found that the same anti-loosening can be 

obtained by smaller 𝛼 with increasing 𝐻. Therefore, both fatigue strength and anti-

loosening can be improved by the larger nut height 𝐻 and relatively smaller 𝛼.  

 

 

Fig. 4.15 Endurance limit under the average stress 𝜎𝑚 = 213MPa and the stress 

amplitude 𝜎𝑎 = 100MPa for 𝐻 = 10.5mm, 𝛼 = 25μm and 𝐻 = 14.0mm, 𝛼 =

25μm where the bolt thread number in Fig. 4.122a ,2b  is indicated 

4.5. Conclusions 

In this paper, how to improve both anti-loosening and fatigue strength with low cost 

was newly proposed for bolt-nut connection. The authors’ previous study clarified that 

the most suitable pitch difference 𝛼 = 𝛼1 for the fatigue strength is smaller than the 

most suitable pitch difference 𝛼 = 𝛼2 for the anti-loosening 2see Fig. 4.1 . Toward 

improving both fatigue strength and anti-loosening, this study newly considers larger 

nut height coupled with pitch difference. The conclusions are summarized as follows. 

21  The anti-loosening performance of pitch difference nut is controlled by the total 

pitch difference 𝑚𝛼 , that is, the product of the number of nut thread 𝑚  and pitch 

difference 𝛼 . The same anti-loosening performance was confirmed under the same 

𝑚𝛼. 

22  When the pitch difference is within 25μm, the fatigue strength of pitch difference 

nut connections is controlled by 𝛼 alone independent of 𝑚. The same fatigue strength 
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was confirmed under the same 𝛼 independent of 𝑚. 

23  A larger nut height having relatively smaller pitch difference 𝛼 = 𝛼3 ≈ 𝛼1 < 𝛼2 

is suitable for improving both fatigue strength and anti-loosening.  
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Chapter 5. Conclusions and suggestions for future works 

5.1 main conclusions 

The anti-loosening performance of bolt nut connections with difference pitches is 

studied by Junker’s type loosening test. Besides, the anti-loosening mechanism of bolt 

nut connections with pitch differences are investigated by using finite simulation. 

Moreover, aiming at obtaining better combination of fatigue life and anti-loosening 

performance of low-cost pitch bolt nut connections, pitch difference effect and nut 

height effect on fatigue and anti-loosening of pitch difference bolt nut connections are 

studied. The conclusions and suggestions are summarized as following. 

21  The anti-loosening performance of M12 bolt nut connections with a height of 

H=10.0mm and a pitch difference of 𝛼 = 0, 35, 40, 50𝜇𝑚  are obtained by 

experiments and FE analysis. It is found when the clamping force F is 15kN, the anti-

loosening performance of 𝛼 = 40, 50𝜇𝑚  meets the DIN standard, for which the 

residual clamping force should be no less than 80% of the initial clamping force after a 

certain transverse vibration cycle. When the pitch difference is 𝛼 = 35𝜇𝑚, although 

the residual clamping force is less than 80% of the initial clamping force, the residual 

clamping force is about 4.5kN after 500 cycles of vibration and is about 4kN after 1500 

cycles of vibration and almost remains steady. That is to say, a loosening resistance of 

the bolt nut connection is remaining. 

22  The loosening process of the nuts is simulated by using a simplified 3D Junker’s 

type loosening test model, and the findings are as following. For common bolt nut 

connections, the loosening and the un-loosening process occurs alternately until the 

residual clamping force decreases to 0. When the pitch difference is 𝛼 = 35𝜇𝑚, the 

loosening and the un-loosening process occurs alternately as common bolt nut 

connections at the early stage of loosening until two ends of the nut contacts the bolt, 

and the loosening, un-loosening, and tightening process occurs alternately. Besides, 

with the decreasing of clamping force, the tightening angle increases, and the tightening 

angle almost equals to the loosening angle in one cycle until the clamping force 

decreases to a certain value.  

23  In the FEM analysis, when the pitch difference is no less than 40  𝜇𝑚 , the 

clamping force decreases at the beginning of vibration. This is mainly due to the elastic 

twist energy stored in the tightening process released. After this, loosening, un-

loosening, and the tightening process occur alternately, and the tightening angle almost 

equals to the loosening angle in one vibration cycle, it means the nut does not loose. 

This coincides with the experimental results well. 

24  For high strength JIS M16 bolt nut connections, the fatigue life can be extended 

by introducing a suitable pitch difference between the nut and the bolt. The stress 

concentration factor at thread roots can be decreased by increasing the thread root radius. 
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Thus, the fatigue life of bolt nut connections can be further extended; besides, the 

fatigue strength of the bolt nut connections can also be extended. For example, the stress 

concentration factor at thread roots can be decreased from 4.53 to 2.N0 by increasing 

the thread root radius from 𝜌 to 2𝜌, and the fatigue life and fatigue strength of bolt 

nut connections with a pitch difference of 𝛼 = 15𝜇𝑚 and 𝜌 = 2𝜌0 is about 2.6 times 

and 1.6% times of that of common bolt nut connections 2𝛼 = 0𝜇𝑚 and 𝜌 = 𝜌0 . 

25  From the observation of the specimens after the fatigue test, it is confirmed that 

for the bolt nut connections with enlarged root radius, both the initial cracks and final 

fracture occurs at the first engaged thread at the bearing surface side of the nut 2No. 6 

or No. % thread  when there is no pitch difference between the bolt and the nut. Initial 

cracks occur at the free end side of the engaged part and extend to the other side until 

the final fracture occurs at the bearing surface side 2No. 1 or No. 2 thread . 

26  According to the F-T relation by 3D FEM, when 𝜌 = 2𝜌0 and α=33µm, it was 

confirmed that the prevailing torque 𝑇𝑃 = 1NNm and the residual prevailing torque 

𝑇𝑃
𝑢 =  10Nm  even at 𝐹𝑡 =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.   

2%  The F-T relation for bolt nut connections are obtained by experiments and 3D 

simulation. It is found that the prevailing torque is close when the product of the pitch 

difference 𝛼 and complete thread number 𝑚 is the same. Besides, the anti-loosening 

performance of bolt nut connections with different pitch differences and nut height are 

simulated by Junker’s type loosening test. It is confirmed that the anti-loosening 

performance of pitch difference nut is controlled by the total pitch difference 𝑚𝛼, that 

is, the product of the number of nut thread 𝑚 and pitch difference 𝛼.  

28  For bolt nut connections with a pitch difference within 𝛼 = 25𝜇𝑚, the fatigue 

strength of pitch difference nut connections is controlled by 𝛼 alone independent of 

𝑛 . The same fatigue strength was confirmed under the same pitch difference 𝛼 

independent of complete thread number 𝑚. 

2N  A larger nut height having relatively smaller pitch difference 𝛼 = 𝛼3 ≈ 𝛼1 <

𝛼2 is suitable for improving both fatigue strength and anti-loosening.  

5.2 Suggestions for future works 

For prevailing torque type nut, the geometry change of the nut creates interference 

between the nut and bolt threads, and thereby helps the fastener resist loosening. 

Bickford thinks the prevailing torque is not an addition to the thread friction component 

of torque but a function of the design of the nut, and of the material used, as well as 

geometry [36]. The relation between the torque and clamping force in the tightening 

process 2Eq. 5.1  and the loosening process 2Eq. 5.2  suggested as following[36-38]: 

𝑇 =
𝐹

2
(

𝑑2

𝑐𝑜𝑠𝛽
𝜇𝑠 +

𝑃

𝜋
+ 𝑑𝑤𝜇𝑤) + 𝑇𝑃=𝐹𝐾𝐷 + 𝑇𝑃                 25.1  
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𝑇 =
𝐹

2
(−

𝑑2

𝑐𝑜𝑠𝛽
𝜇𝑠 +

𝑃

𝜋
− 𝑑𝑤𝜇𝑤) − 𝑇𝑃                    25.2  

Here, 𝑇𝑃 represents the prevailing torque, and all other terms are the same as Eq. 

24.1 . 

Fig. 4.8 and Fig. 4.N show the relationship between tightening torque and clamping 

force with different nut height and pitch differences. In those sub-figures, the part where 

the tightening torque is positive represents the tightening process, and the part where 

the tightening torque is negative represents the untightening process. In the tightening 

process, the nut can be tightened by the machine, and in the meanwhile, the values of 

tightening torque and clamping force can be recorded. In the untightening process, the 

nuts are untightened by a torque wrench. Therefore, the error of the tightening torque 

and the clamping force in the untightening process may be larger than that of the 

tightening process. In addition, some other aspects may cause errors. First, there is a 

manufacturing error in the pitch. Second, since the material is softer than that of the 

bolt, thread wear may happen during the tightening process, especially when the pitch 

difference is too big. Thus, there might be slightly shape change of the thread of the nut, 

and friction coefficient may change accordingly. Furthermore, the friction coefficients 

are not the same in the tightening and untightening process, even though fluctuating in 

a small range. In the FE analysis, the friction coefficients are assumed to be a constant 

value. In a general view, the experimental results and FEM results of the relation 

between tightening torque and clamping force coincide with each other.  

From Fig. 4.8 and Fig. 4.N, it can be seen that Eq. 5.1 and Eq. 5.2 are not proper for 

pitch difference bolt nut connections. For pitch difference bolt nut connections, the 

slope ratio of the relation between tightening torque and clamping force of pitch 

difference bolt nut connections is greater than that of common bolt nut connections in 

the early stage of the tightening process. When the clamping force reaches to a certain 

value, the relation between the pitch difference bolt nut connections and common bolt 

nut connections become the same. This is different from Eq. 5.1. This may be caused 

by the plastic deformation of the thread and even by wear. The present work does not 

provide an equation of F-T relation for pitch difference bolt nut connection, and this 

can be studied in a further step. 
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Appendix A 

 

Fig. A.1 illustrates the 𝐹 − 𝑇 relation 2the clamping force 𝐹 versus the tightening 

torque 𝑇   for 𝛼 = 45μm  and 𝐻 = 10.5mm  obtained by FEM analysis [81,84,85]. 

The green line of 𝛼 = 45μm is compared with the gray line of 𝛼 = 0. For example, 

Fig. A.12b  shows the 𝐹 − 𝑇  relation during the nut position changed as 𝐸 →

𝐹→𝐺→𝐺𝑢 → 𝐹𝑢→𝐸𝑢 in Fig. 3.13.  

The clamping force F appears by applying 𝑇 > 0 for 𝛼 = 0. Instead, the clamping 

force 𝐹  of 𝛼 = 45µm  appears by applying 𝑇 ≥ 𝑇𝑃  when the torque exceeds the 

prevailing torque 𝑇𝑃. The prevailing torque 𝑇𝑃 can be defined in Eq. 2A.1  at E in Fig. 

3.13.  

𝑇𝑃 ≡ sup 𝑇  𝑤ℎ𝑒𝑛  𝐹 = 0,  𝑇 > 0              2A.1  

With increasing 𝑇 ≥ 𝑇𝑃, the clamping force 𝐹 increases. When 𝑇 = 𝑇25% or 𝑇 =

𝑇50%, 𝐹 becomes largest as 𝐹 = 𝐹𝑚𝑎𝑥 at 𝐹 in Fig. 32e  as shown in Eq. 2A.2 .   

Fmax ≡ Max|𝐹| when 𝑇 = 𝑇25% or 𝑇 = 𝑇50%          2A.2  

Here, 𝑇25% = 45Nm  is the torque 𝑇  producing 𝐹 = 𝐹25% = 16.8kN  for 𝛼 = 0 

and  𝑇50% = 85Nm  is the torque 𝑇  producing 𝐹 = 𝐹50% = 33.8kN  for 𝛼 = 0 . It 

should be noted that 𝐹 = 𝐹𝑚𝑎𝑥 varies depending on 𝛼. 

After 𝑇 reaches 𝑇 = 𝑇25% or 𝑇 = 𝑇50%, untightening torque is applied as 𝑇 < 0. 

Initially, 𝐹 is almost constant as 𝐹 ≈ 𝐹𝑚𝑎𝑥 since the bolt-nut rotates together. After 

|𝑇| reaches the slip torque 𝑇𝑠𝑙𝑖𝑝 defined in Eq. 2A.3 , the nut rotates independently. 

Then, 𝐹  starts decreasing with decreasing |𝑇|  as 𝐹 < 𝐹𝑚𝑎𝑥  from Point 𝐺𝑢  in Fig. 

A12b .  

Tslip≡ Max|𝑇| when  𝑇 < 0  after 𝑇 = 𝑇25% or 𝑇 = 𝑇50%        2A.3  

As shown in 𝐺𝑢 → 𝐹𝑢 in Fig. A1, during 𝐹 decreasing under untightening 𝑇 < 0, 

initially the 𝐹 − 𝑇 relations are equal for 𝛼 = 45μm and 𝛼 = 0. During 𝐹𝑢→𝐸𝑢 in 

Fig. A1, the light green zone illustrates the difference between 𝛼 = 0 and 𝛼 = 45µm. 

The difference can be considered as a loosening resistance torque 𝑇𝑅
𝑢 contributing to 

anti-loosening, which is defined in Eq. 2A.4  [85]. 

𝑇𝑅
𝑢 ≡ |𝑇|

𝛼＞0 −  |𝑇|𝛼=0  𝑤ℎ𝑒𝑛 𝑇 < 0, 

  𝑇𝑅
𝑢 >  0  𝑤ℎ𝑒𝑛 0 ≤ 𝐹 < ℎ,   𝑖. 𝑒.  ℎ ≡ sup 𝐹  𝑤ℎ𝑒𝑛 𝑇𝑅

𝑢 > 0        2A.4  

At Eu  in Fig. A.1, even no tightening force 𝐹 = 0 , 𝑇𝑅
𝑢 > 0 . Therefore, the 

loosening resistance torque 𝑇𝑅
𝑢  can be characterized at the value when 𝐹 = 0 . The 

value 𝑇𝑅
𝑢  at 𝐹 = 0  can be named the residual prevailing torque and defined in Eq. 

2A.5 .  

𝑇𝑃
𝑢 ≡ 𝑇𝑅

𝑢  𝑤ℎ𝑒𝑛  𝐹 = 0                2A.5  

The residual prevailing torque 𝑇𝑃
𝑢  above may represent the anti-loosening 

performance [85]. However, 𝑇𝑅
𝑢  is changing during 𝐹𝑢 →𝐸𝑢 . Therefore, the median 
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loosening resistance torque can be considered and defined in Eq. 2A.6 .  

�̃�𝑅
𝑢 ≡ |𝑇|

𝛼＞0 −  |𝑇|𝛼=0  𝑤ℎ𝑒𝑛  𝐹 = ℎ/2  𝑎𝑛𝑑 𝑇 < 0        2A.6  

The median loosening resistance torque may represent 𝑇𝑅
𝑢 variation during 𝐹𝑢→𝐸𝑢. 

 Regarding the normal nut 𝛼 = 0, 𝑇𝑃 = 𝑇𝑅
𝑢 = 𝑇𝑃

𝑢 = �̃�𝑅
𝑢 = 0.  

 

2a  𝐹 − 𝑇 relation when 𝛼 = 45μm under 𝑇 ≤ 𝑇25% = 45𝑁𝑚.  2b  𝐹 − 𝑇 

relation when 𝛼 = 45μm under 𝑇 ≤ 𝑇50% = 85𝑁𝑚. 

Fig. A 1 𝐹 − 𝑇 relation 2Clamping force 𝐹 versus tightening torque 𝑇 relation  
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Appendix B 

 

Table B.1 summarizes experimentally obtained prevailing torque 𝑇𝑃 , residual 

prevailing torque 𝑇𝑃
𝑢 , median loosening resistance torque �̃�𝑅

𝑢 , clamping force 𝐹 , 

slipping torque 𝑇𝑠𝑙𝑖𝑝 defined in Appendix A by varying M12 pitch difference 𝛼 when 

the nut height 𝐻 = 10.5mm and 𝐻 = 14.0mm.  

 

Table B. 1 Prevailing torque 𝑇𝑃, residual prevailing torque 𝑇𝑃
𝑢, median loosening 

resistance torque �̃�𝑅
𝑢, tightening force 𝐹, slip torque 𝑇𝑠𝑙𝑖𝑝 for 2a  𝑇 ≤ 𝑇25% =

45𝑁𝑚 and 2b  𝑇 ≤ 𝑇25% = 85𝑁𝑚 obtained by FEM 2Definitions of 𝑇𝑃, 𝐹, 𝑇𝑠𝑙𝑖𝑝, 

𝑇𝑃
𝑢, �̃�𝑅

𝑢 are indicated in Appendix A  

 

 2a  𝑇 ≤ 𝑇25% = 45𝑁𝑚 

 

Nut 

Height2mm  

Pitch 

difference 

2𝜇𝑚  

𝑇𝑃 

2Nm  
𝐹 2kN  

𝑇𝑠𝑙𝑖𝑝 

2Nm  

𝑇𝑃
𝑢 

2Nm  
�̃�𝑅

𝑢 𝑚𝛼 

10.5 

28 2.0 1%.3 34.8 1.% 0.8 112 

30 4.6 1%.3 34.8 4.1 2.1 120 

35 12.6 1%.3 34.8 12.0 6 140 

38 1%.8 16.N 34.8 16.N 8.N 152 

40 21.5 15.6 35.5 20.1 12.2 160 

45 28.8 12.0 38.N 25.% 20 180 

14.0 

18 0.4 1%.4 35.0 0.3 0.2 108 

20 3.5 1%.4 34.5 3.3 1.% 120 

25 15.3 1%.3 34.1 15.2 %.6 150 

30 2%.% 11.% 38.2 26.8 21.5 180 

35 36.% 4.5 41.5 36.5 34.8 210 
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2a  𝑇 ≤ 𝑇50% = 85𝑁𝑚 

Nut 

Height2mm  

Pitch 

difference 

2𝜇𝑚  

𝑇𝑃 

2Nm  
𝐹 2kN  

𝑇𝑠𝑙𝑖𝑝 

2Nm  

𝑇𝑃
𝑢 

2Nm  
�̃�𝑅

𝑢 𝑚𝛼 

10.5 

28 2.0 32.8 65.% 0.6 0.2N 112 

30 4.6 32.8 65.3 1.1 0.55 120 

35 12.6 32.% 64.3 4.8 2.4 140 

38 1%.8 32.5 64.6 8.0 4 152 

40 21.5 32.4 64.8 10.5 5.25 160 

45 28.8 32.4 64.N 16.6 8.3 180 

14.0 

18 0.4 32.6 65.0 0.1 0.05 108 

20 3.5 32.6 65.3 1.6 0.8 120 

25 15.3 32.6 65.0 10.8 5.4 150 

30 2%.% 32.% 65.5 21.8 10.N 180 

35 36.% 31.N 6%.1 32.0 16 210 

 

From Table B.1, it is found that both prevailing torque 𝑇𝑃 and residual prevailing 

torque 𝑇𝑃
𝑢  increase with 𝛼 . When the tightening torque is 𝑇25% = 45𝑁𝑚 , with 

increasing 𝛼, the clamping force 𝐹 remains steady at first and then decreases. When 

the tightening torque is 𝑇50% = 85𝑁𝑚 , the clamping force 𝐹  remains steady with 

increasing 𝛼 The residual prevailing torque 𝑇𝑃
𝑢 under a tightening torque of 𝑇25% =

45𝑁𝑚 is larger than that of 𝑇50% = 85𝑁𝑚. 

Fig. B.12a  shows median loosening resistance torque �̃�𝑅
𝑢 vs. α relation obtained by 

FEM analysis. The loosening resistance torque �̃�𝑅
𝑢 can be larger when the tightening 

force is not very large. Fig. B.12b  shows the same �̃�𝑅
𝑢 can be provided when 𝑚𝛼 is 

the same. 

 

 

2a  �̃�𝑅
𝑢 versus 𝛼 relation 2b  �̃�𝑅

𝑢 versus m𝛼 relation 

Fig. B 1 Median loosening resistance torque �̃�𝑅
𝑢 controlled by the total pitch 

difference 𝑚𝛼 
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Appendix C 

 

In Fig. 4.6, Fig. 4.%, Fig. 4.8, Fig. A1, the 𝐹 − 𝑇 relations are discussed for 𝛼 ≥

20μm in comparison with the normal nut 𝛼 = 0. To obtain the 𝐹 − 𝑇 relation of the 

normal nut 𝛼 = 0, the following equation proposed by Motosh [102] in Eq. 2C.1  can 

be used conveniently. 

             𝑇 =
𝐹

2
(

𝑑2

𝑐𝑜𝑠𝛽
𝜇𝑠 +

𝑝

𝜋
+ 𝑑𝑤𝜇𝑤)                      2C.1  

where 𝑇  is the tightening torque, 𝐹  is the tightening force, 𝑑2  is the pitch 

diameter of the bolt, 𝛽  is the half-angle of the thread, 𝜇𝑠  is the thread friction 

coefficient, 𝑝  is the pitch of the bolt and nut, 𝑑𝑤  is the effective diameter of the 

bearing surface, 𝜇𝑤 is the under-head friction coefficient, 𝐾 is the nut factor, 𝐷 is 

the nominal diameter. 

During untightening 𝑇 < 0 after |𝑇| = 𝑇𝑠𝑙𝑖𝑝, the 𝐹 − 𝑇 relation of the normal nut 

𝛼 = 0 can be expressed in Eq. 2C.2  [22]. 

𝑇 =
𝐹

2
(−

𝑑2

𝑐𝑜𝑠𝛽
𝜇𝑠 +

𝑝

𝜋
− 𝑑𝑤𝜇𝑤)                     2C2  

Regarding the friction coefficients 𝜇𝑠 and 𝜇𝑤, sometimes the same values are used 

in the previous studies [103]. The friction coefficients measured in the experiment are 

in the range 𝜇𝑠 =0.11-0.15 and 𝜇𝑤 =0.16-0.18 at the bearing surface. The ranges of 

those friction coefficients are close to the values obtained by Liu et al [%1,106] and 

Udagawa[101]. To fit the FEM simulation results with the experimental results, the 

friction coefficient at the thread surface are chosen as 𝜇𝑠 =0.14 and the friction 

coefficient at the bearing surface are chosen as 𝜇𝑤=0.1%.  
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