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1. Introduction 

 

The bolt-sphere joint (Fig. 1) originated as the node in 

the German Mero system. Space frame grid structures with 

such joints are widely used in public and industrial 

buildings due to their tensile strength, rigidity, light weight, 

and ease of construction on site. Suspension cranes are 

often installed on space frame grids in factories, as shown 

in Fig. 2. However, metal fatigue is extremely likely to 

damage the grid structure due to the alternating and 

reciprocal actions of suspension cranes. It has been found 

that the failure of grid structures with bolt-sphere joints due 

to metal fatigue is liable to occur in high-strength bolts 

because of stress concentration and the notch effect as 

dominant damage factors in grid structures with such joints 

(Lei and Yin 2008). As space frame roof structures that 

support suspension cranes have become more widely used 

in industrial buildings, the need to address the problem of 

fatigue in high-strength bolts in bolt-sphere joints has 

become more urgent. 

Appendix 3 of ANSI/AISC 360-16 (2010) states that no 

further evaluation of fatigue resistance is required when the 

cyclic applied stress range is less than the threshold of the 

allowable stress range. However, no calculation method is 

suitable for the fatigue design of a grid structure with bolt-

sphere joints in Table A-3.1. Part 1.9 of the current 
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Fig. 1 Bolt-sphere joint 
 

 

 

Fig. 2 An industrial plant with suspension crane 

 

 

Eurocode 3 (2003) states that no provisions contained in 

Table 8.1 or Table 8.5 can be directly used for bolt-sphere 

joints and fatigue tests must be carried out to determine the 

fatigue strength for designs not included in the code. The 

current Chinese standard for the design of steel structures 

(GB50017-2017 2017) states that fatigue should be 

calculated for a steel member or its connectors under 

repeated dynamic loads of at least 5×104 cycles. However, 

bolt-sphere joints are not included in Appendix K for 
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fatigue design. The current Chinese technical specification 

for space frame structures (JGJ7-2010 2010) also states that 

fatigue in a grid structure that supports a suspension crane 

should be evaluated when the number of stress cycles 

exceeds 5×104. The allowable stress range and acceptable 

design should be determined by a special fatigue test. 

Available research into the fatigue of high-strength bolts in 

a grid structure using bolt-sphere joints is directed towards 

constant amplitude loading. Xu and Cui (1994) derived the 

S-N fatigue curves for M14 high-strength bolts commonly 

used in space frames, by conducting constant amplitude 

fatigue tests. Feng et al. (1995) established the S-N fatigue 

curve and the fatigue calculation method of M24 and M33 

high-strength bolts in grid structures. Yang and Lei (2017) 

determined the S-N fatigue curves of M20 and M30 high-

strength bolts used in a grid structure by conducting 

constant amplitude fatigue tests and studying the fatigue 

failure mechanism using metallographic analysis. Qiu et al. 

(2017) showed that the constant amplitude fatigue life of 

M30 high-strength bolts decreased greatly when the bolt 

was screwed into sphere to a depth of three threads. 

However, in practice, the engineering components are 

expected to experience variable amplitude loading over a 

period of time. Sunder (1979) derived a mathematical 

model of fatigue crack propagation under variable 

amplitude loading using the data obtained from constant 

amplitude loading and various loading sequences, such as 

High-Low or Low-High. He et al. (2018) investigated the 

effect of high-amplitude loading on accumulated fatigue 

damage in 316 stainless steel by performing fatigue tests on 

a grid as the subject to variable amplitude stress. Sarkar et 

al. (2019) investigated the failure modes and cumulative 

fatigue of laser-based powder bed fusion-produced stainless 

steel parts subject to variable amplitude loading. 

In the calculation of fatigue life, Ibrahim and Pettit 

(2005) calculated fatigue life in metal and composite joints 

by investigating bolt joint constraint parameters. Using the 

degree of equivalent damage principle for multilevel 

amplitude loads or random amplitude loads, Zhu (2011) 

derived a model for the equivalent stress amplitude range 

using Miner’s rule and the Corten-Dolan model. Ferjaoui et 

al. (2015) developed a model for the nucleation of fretting 

fatigue cracks in double-lap bolted joints based on the 

mechanics of continuous damage propagation, and the 

cumulative fatigue predicted by the model agreed well with 
 

 

experimental data. Zhou et al. (2015) constructed an 

equivalent stress model to investigate the multiaxial fatigue 

of a composite bolt joint under cyclic constant amplitude 

loading which gave predictions agreeing with experimental 

results. Zuo et al. (2015) developed a nonlinear cumulative 

damage model to predict fatigue life under variable 

amplitude loading which they validated experimentally. 

Kapidžić et al. (2016) investigated fatigue failure in carbon 

fiber reinforced polymer composites subject to double axial 

variable amplitude loading at high temperatures and 

developed a fatigue prediction model based on the 

mechanics of fractures. 

The preceding review shows that the research into 

fatigue in high-strength bolts in space frame grids using 

bolt-sphere joints focuses on constant amplitude fatigue and 

that it is mostly undertaken in China. There are relatively 

few studies of the effects of variable amplitude fatigue on 

high-strength bolts in space frame grids that use bolt-sphere 

joints. Furthermore, there are no specific provisions for 

fatigue-resistant design of bolt-sphere joints in grid 

structures in current steel design specifications, whereby it 

suggests that experimental verification should be 

performed. This restricts the use of space frame grids in 

industrial plants, especially in large-scale buildings. Thus, it 

is essential to further investigate the fatigue performance of 

such joints. In this study, we conducted both experimental 

and theoretical analysis of fatigue in M30 high-strength 

bolts widely used in space frame grids with bolt-sphere 

joints, under variable amplitude loading. Thus, a method 

was developed to give a reasonable prediction of fatigue 

life. 
 

 

 

 

Fig. 3 High-strength bolt specimens 

 
 
 

 
 

(a) Bolt sphere (b) Schematic diagram of bolt sphere 

Fig. 4 Bolt sphere specimen 
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Table 1 Chemical composition (weight %) of M30 high-

strength bolts 

Name C Si Mn Cr P S 

Bolt 

specimen 
0.423 0.229 0.601 0.912 0.014 0.007 

Standard 

value 

0.37–

0.44 

0.17–

0.37 

0.50–

0.80 

0.80–

1.10 
≤ 0.035 ≤ 0.035 

 

 

 

 

Fig. 5 The stress-strain curve of M30 high-strength bolt 

 

 

2. Experimental methods 
 

2.1 Specimen design 
 

2.1.1 M30 high-strength bolt (30 mm nominal 
diameter) 

The high-strength bolts (Fig. 3) used in the fatigue test 

are identical to those used in space frame grids. They are 

made of 40Cr steel alloy with a performance rating of 

10.9S, produced in China. The appearance of each bolt was 

checked before the fatigue test, when those showing 

defects, such as cracks, rusts or bumps, were not used for 

the experiment. Each bolt was numbered. 

 

2.1.2 BS200 bolt sphere (diameter 200 mm) 
The bolt spheres (Fig. 4(a)) were made of 45# steel and 

were manufactured according to the provisions of Bolted 

Spherical Node of Space Grid Structures (JG/T 10:2009 

2009). It was rather likely that during fatigue testing the 

bolt thread would be damaged or broken and that part or all 

of the bolt remained in the hole and could not be removed. 

To make the most use of the bolt spheres, three pairs of 

threads were set as a group (Ф30-Ф30) in each sphere, as 

shown in Fig. 4(b). If a thread failed, the fatigue test could 

still continue by changing the orientation of the sphere. 

 

2.2 Material properties 
 

The chemical composition of the bolts was determined 

(Table 1) and compared with the chemical composition 

requirements for 40Cr structural steel specified by Carbon 

Structural Steel (GB/T 700:2006 2006). Table 1 shows that 

the bolts meet the required standard. 

Table 2 Mechanical properties of M30 high-strength bolts 

Bolt 𝜎0.2 𝜎̄0.2 𝜎𝑏 𝜎̄𝑏 𝛿(%) 𝜓(%) 

M30-a 973.5 

998.5 

1054.4 

1067.7 10.3 42 M30-b 1032.1 1091.7 

M30-c 989.8 1056.9 
 

*Note. 0.2: conditional yield strength (MPa); 

̅0.2: average value of conditional yield strength (MPa); 

b: ultimate tensile strength (MPa); 

̅b: average value of ultimate tensile strength (MPa); 

δ: elongation rate; ψ: shrinkage rate 

 

 

The mechanical properties of the bolts were obtained 

from tensile tests of three randomly-selected specimen bolts 

using a WAW-2000 electro-hydraulic servo universal testing 

machine. The test results are given in Table 2, and the 

stress-strain curve of M30 high-strength bolts under static 

load is shown in Fig. 5, which shows that the bolts meet the 

requirements of Bolted Spherical Node of Space Grid 

Structures (JG/T 10:2009 2009). These properties were then 

used to determine the appropriate loading levels in variable 

amplitude fatigue testing. 

 

2.3 Testing program and procedure 
 

The variable amplitude fatigue tests were performed 

using the MTS Landmark 370.50 hydraulic servo fatigue 

test machine (MTS) which had a 500 kN capacity. In 

practice, the joints are subjected to concurrent loading from 

all the bolts, which makes the state of loading multiaxial 

and more complex; interaction between the different 

loadings can significantly affect fatigue life. Some 

simplifications were made in the testing: only axial tension 

loading was tested; the steel pipes and sealing plate 

connectors were removed; the head of each bolt was 

directly clamped to the fixture of the MTS to conduct the 

variable amplitude fatigue test. The fatigue loading test 

configuration is shown in Fig. 6. According to the ASTM 

standard Test Method for Strain-Controlled Fatigue Testing 

(ASTM E606/E606M-12 2012) and the Chinese standard 

 

 

 

 

Fig. 6 A general view of the fatigue loading test 
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Axial Load Fatigue Testing for Threaded Fasteners 

(GB/T13682-1992 1992), and considering the condition of 

the test equipment and the test period, the tests were 

performed with a cyclic sinusoidal loading at 7 Hz. Since 

the stress ratio of a lower chord is generally > 0.5 in a bolt-

sphere joint grid structure with suspension cranes (Feng 

2017), we set the stress ratio R (𝑅 = 𝜎𝑚𝑎𝑥/𝜎𝑚𝑖𝑛) to 0.6. 

The loading levels of the tests were determined by the yield 

strength of the specimens (Table 2). The maximum stress 

(𝜎𝑚𝑎𝑥) of each loading step was set from 0.2fy to 0.6fy to 

maintain the specimens at an elastic state throughout the 

experiment. The minimum stress (𝜎𝑚𝑖𝑛) was obtained using 

the stress ratio. The stress was calculated as 𝜎 = 𝑃/𝐴𝑒𝑓𝑓, 

where P is the axial tension load, Aeff is the effective area of 

the bolt, and 𝛥𝜎 = 𝜎𝑚𝑖𝑛𝑚𝑎𝑥 was the stress range. 

A load spectrum should be used in a fatigue test of bolt-

sphere joints because the repeated loads on the grid 

structure generated by suspension cranes are random and 

complex. However, a generally accepted standard fatigue 

load spectrum has not yet been developed, due to limited 

research. Thus, we used a simplified fatigue load spectrum 

that reflected observed random loads. The variable 

amplitude loads consisted of four loading patterns: Low-

High (LH), High-Low (HL), Low-High-Low (LHL) and 

High-Low-High (HLH), as shown in Fig. 7. Each load 

pattern included two or more stages of constant amplitude 

loading. In LH, a previous step had a lower stress amplitude 

than a later step, whereas in HL a previous step had a higher 

stress amplitude than a subsequent step. In LHL the loading 

pattern was from a low stress amplitude to a higher stress 

 

 

amplitude to a lower stress amplitude, whereas in HLH the 

loading pattern was from a high stress amplitude to a lower 

stress amplitude to a higher stress amplitude. In each 

pattern, the load was applied until complete failure of the 

specimen. The number of cycles under a certain stress 

amplitude 𝛥𝜎𝑖  was recorded as 𝑁𝑖 , and the variable 

amplitude fatigue life of each specimen tested was 

calculated as 𝑁𝑓(𝑁𝑓 = 𝑁1 + 𝑁2+. . . 𝑁𝑖). 

 

 

3. Results and discussion 
 

3.1 Fatigue test results 
 

In total, 20 satisfactory variable amplitude fatigue tests 

of the M30 high-strength bolts were conducted. The fatigue 

test results are given in Appendix A, Table A1, when the 

stress histograms of variable amplitude fatigue are shown in 

Fig. 8. Eight bolts (LH-1 to LH-8) were tested in LH; eight 

bolts (HL-1 to HL-8) were tested in HL; two bolts (LHL-1, 

LHL-2) were tested in LHL, and two bolts (HLH-1, HLH-

2) were tested in HLH. 

 

3.2 Fatigue test failures 
 

Fig. 9 shows that fatigue failure of one high-strength 

bolt (HL-1) occurred in the first engaged thread between 

bolt and sphere, as a typical form of failure in bolt-sphere 

joints observed during the fatigue tests. All the bolt 

specimens displayed a fatigue failure similar to that of HL-

  

(a) Low-High (LH) (b) High-Low (HL) 
 

  

(c) Low-High-Low (LHL) (d) High-Low-High (HLH) 

Fig. 7 Stress histograms of the four loading patterns 
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1. The reasons for such failures are: 

(1) The bolts are notched members; the stress 

concentration and notch effect at the threads are 

significant, and the effective cross-section at the 

threads is minimal. The part of the thread screwed 

into the sphere by 1.1d depth is engaged with the 

internal thread of the sphere, forming a load-

bearing combination. However, the unmeshed parts 

of the thread on the bolts also bear load, whereby 

fatigue cracks are prone to occur there. 

 

 

(2) Errors during manufacturing and machining 

processes are unavoidable, whereby the axes of the 

bolts may not exactly match those of the threaded 

holes. Moreover, initial eccentricities might occur 

when the specimens are installed in the testing 

machine, causing a large bending stress 

concentrated at the first engaged thread. Therefore, 

fatigue failure of the bolt sphere joints is likely to 

occur at the first engaged thread at the meshing of 

bolt and sphere. 

 

 

 

   

   

   

   

   

Fig. 8 The stress histogram of M30 high-strength bolts under variable amplitude loading 
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Fig. 9 Typical fatigue failure form of specimens 

 

 

3.3 Fatigue damage and S-N curve 
 

Fatigue damage models predict the service life of 

components or structures according to service conditions. If 

the fatigue life(𝑁𝑓) of a component under stress is known, 

then the rest of the service life can be calculated, within a 

certain safety margin, using a fatigue damage model. We 

used Miner’s rule (Miner 1945) and the Corten–Dolan 

model (Corten and Dolan 1956) to calculate the fatigue life 

of the M30 high-strength bolts under variable-amplitude 

stress. 

 

3.3.1 Miner’s Rule 
Miner’s rule is that the degree of fatigue damage is 

proportional to the number of loading cycles. It is expressed 

as 

𝐷𝑀 = ∑
𝑛𝑖

𝑁𝑖

𝑖

𝑖=1

 (1) 

 

where DM is the total fatigue damage and 𝑛𝑖 and 𝑁𝑖 are 

respectively the numbers of loading cycles and fatigue life 

 

 

at the ith loading cycle with stress amplitude 𝛥𝜎𝑖 . The 

subscript i is the loading sequence number. Miner’s rule 

states that fatigue fracture occurs when DM = 1.0. However, 

Miner’s rule ignores the effects of the loading sequence, the 

interval time, and the interactions between different load 

levels on fatigue life. 

 

3.3.2 Corten–Dolan model 
The Corten–Dolan model is a modified linear 

cumulative damage model, in which the total number of 

cycles to failure (𝑁𝑓) under multi-level loading blocks is 

calculated by 
 

𝑁𝑓 =
𝑁1

∑ 𝛼𝑖(𝜎𝑖 𝜎𝑚𝑎𝑥⁄ )𝑑
 (2) 

 

where 𝑁1is the number of cycles to failure at the maximum 

stress loading 𝜎𝑚𝑎𝑥, 𝜎𝑖 is the ith level stress loading (𝑖 =
1, 2, 3. . . . ) , 𝑛𝑖  is the number of stress loading cycles 

corresponding to 𝜎𝑖, 𝛼𝑖 is the proportion of cyclic stress 

𝜎𝑖 , and d is a material constant derived from the 

experimental data. On the basis of fatigue test data, Corten 

and Dolan (1956) recommended that 𝑑 = 4.8 for high-

strength steel and 𝑑 = 5.8 for other steels. Substituting 

𝑑 = 4.8 into Eq. (2), the total fatigue damage DCD can be 

calculated by 
 

𝐷𝐶𝐷 = ∑
𝛼𝑖𝑁𝑓

𝑁1(𝜎𝑚𝑎𝑥/𝜎𝑖)
𝑑

𝑖

𝑖=1

 (3) 

 

We analyzed data for 37 completed constant-amplitude 

fatigue tests (Appendix B, Table B1) to calculate the 

variable amplitude fatigue damage of the M30 high-strength 

bolts, and used the S-N fatigue curve equation for 95% 

survival probability (Yang 2017) 

 

𝑙𝑜𝑔10 𝑁 = 12.221 − 3.087 𝑙𝑜𝑔10( 𝛥𝜎) 
                    −1.645 × 0.155 

(4) 

   

  

 

Fig. 8 Continued 
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𝑟 = −0.949, 
[𝛥𝜎]2×106 = 68.41 𝑀𝑃𝑎 

(4) 

 

where r is the correlation coefficient and [𝛥𝜎]2×106 is the 

allowable maximum nominal stress range corresponding to 

2 × 106 cycles with 95% survival probability. Based on the 

constant-amplitude fatigue test results for the bolts, the 

results of the variable amplitude fatigue damage 

calculations are given in Table 3. 

Table 3 shows that the values of total fatigue damage D, 

calculated by two models under variable amplitude loading, 

were scattered. We explain this by noting that the 

assumptions of cumulative damage theory do not represent 

the loading conditions of the tests we conducted. For 

example, all fatigue test loading programs were in a 

tension–tension cycle, and the mean stress of each cycle is 

much greater than 0. The maximum and minimum values of 

DM are 0.602 and 1.829, and the maximum and minimum 

values of DCD are 0.564 and 1.785. A comparison between 

the values of DM and DCD shows some differences between 

the two sets of results, but both of them give similar 

predictions. In general, the fatigue damage values D 

calculated by the two models are acceptable, except for a 

few specimens, particularly HL-3 and LH-3. The D value 

for HL-3 is much greater than 1.0 while that for LH-3 is 

much less than 1.0. We offer the following as possible 

causes: (1) different stress loading conditions cause 

nonuniform damage to the bolts at the same stress level; (2) 

an inevitable breakdown of the test machine forces the 

replacement of the specimen, thus interrupting the test; (3) 

an effect caused by the treatment of the thread surface 

during bolt manufacture. The loading patterns for 

specimens LH-1 and HL-1 were different, but the mean 

stress ranges which they experienced in the tests were 

relatively low. In this case, the low stress cycles could 

increase fatigue strength due to strain hardening of the 

material, resulting in the cumulative damage D values for 

these two specimens being greater than for other specimens. 

According to Miner’s rule, the formula for calculating 

the equivalent stress amplitude of the M30 high-strength 

 

 

Table 3 Results of cumulative fatigue damage based on the 

two models 

Specimen 

number 

Total fatigue 

damage, D Specimen 

number 

Total fatigue 

damage, D 

DM DCD DM DCD 

LH-1 1.695 1.455 HL-1 1.776 1.548 

LH-2 1.642 1.576 HL-2 0.656 0.648 

LH-3 0.602 0.564 HL-3 1.829 1.785 

LH-4 1.632 1.530 HL-4 1.134 1.047 

LH-5 0.937 0.921 HL-5 1.135 1.129 

LH-6 0.805 0.708 HL-6 0.755 0.678 

LH-7 0.695 0.673 HL-7 0.737 0.658 

LH-8 1.037 0.847 HL-8 0.853 0.713 

LHL-1 1.039 0.787 HLH-1 0.828 0.705 

LHL-2 1.354 1.102 HLH-2 1.633 1.402 
 

 

 

Fig. 10 Double logarithm regression curve with 𝑙𝑔 𝛥 𝜎 as 

the parameter 

 

 

bolts under variable amplitude loading conditions is given 

by (Chen 2016) 
 

𝛥𝜎𝑒 = (∑ 𝑓𝑖 ⋅ 𝛥𝜎𝑖
𝑚

𝑖

𝑖=1

)

1/𝑚

 (5) 

 

where 𝛥𝜎𝑒 is the equivalent stress amplitude, 𝛥𝜎𝑖 is the 

ith level stress amplitude, 𝑓𝑖 is the cyclic stress frequency 

𝛥𝜎𝑖, m is an empirically-determined constant, derived from 

the constant-amplitude fatigue test S-N curve, as shown in 

Eq. (4), m = 3.087 is obtained. The corresponding fatigue 

design curve of constant amplitude fatigue test data is 

shown in Fig. 10 for comparison with the calculation results 

of equivalent stress amplitude calculation using Miner’s 

rule. The fatigue S-N curve equation with equivalent stress 

amplitude as parameter under the 95% survival probability 

is 

𝑙𝑜𝑔10 𝑁 = 11.664 − 2.814 𝑙𝑜𝑔10( 𝛥𝜎𝑒) 
                     −1.645 × 0.163 
𝑟 = −0.901, 
[𝛥𝜎]2×106 = 64.65𝑀𝑃𝑎 

(6) 

 

The slope of the equivalent stress amplitude S-N curve 

was slightly less steep than that of the constant amplitude 

data curve, and the allowable maximum equivalent stress 

range corresponding to 2 × 106 loading cycles under the 

95% survival probability was 64.65 MPa, which was 5.8% 

lower than the constant amplitude fatigue test results. 
 

3.4 Fractographic analysis 
 

Fractographic analysis shows the morphology generated 

by the fracture of a material or member, and contains 

fatigue fracture information. Fatigue fractures have 

characteristics that differ significantly from those of any 

other type of fracture because they are influenced by 

properties of the material and stress states. Fractographic 

images of three typical bolt fractures (LH-5, HL-7, and 

HLH-2) were obtained by an electron microscope 

(TESCAN Mira3, LMH) for analysis of the fatigue failure 

mechanisms (Figs. 11-14). 
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The effect of loading history on the macro-morphology 

of fatigue fractures can be seen in Fig. 11. LH-5 

experienced two load stages corresponding to a stress range 

from 190 MPa to 200 MPa. The mean stress applied to LH-

5 is high, thus crack initiation would occur at a certain point 

on or near the surface where the stress concentration was 

highest. Fig. 11(a) shows that the fatigue source is located 

on the upper left thread. The cracks begin to extend to the 

center when the crack propagation rate is greater for the 

high amplitude cycles. In contrast with LH-5, HL-7 

experienced four loading stages with stress ranging from 

110 MPa to 80 MPa in decrements of 10 MPa when the 

mean loading stress was lower. Fig. 11(b) shows that the 

 

 

 

 

 

 

fatigue fracture has two sources: one located on the upper 

thread and the other located on the lower thread. This is due 

to strain hardening, which can occur at a lower stress 

amplitude, causing dislocation movement and subsequent 

dislocations. As the density of dislocations increases, there 

will be more interactions between dislocations, and then 

they will become pinned or tangled. After a large number of 

lower amplitude loadings, dislocations accumulate and form 

persistent slip bands PSBs (Suresh 2006), which are small 

areas where dislocations accumulate and move the surface 

of the material outward to form steps. These can act as 

multiple crack initiators (Sarkar et al. 2019). When two 

sources are not on the same plane, a fatigue step is formed 

   

(a) LH-5 (b) HL-7 (c) HLH-2 

Fig. 11 Macroscopic view of fatigue fractures 

   

(a) Crack initiation region (b) Crack propagation region (c) Instant fracture region 

Fig. 12 Fracture morphology of LH-5 

  
 

(a) Crack initiation region (b) Crack propagation region (c) Instant fracture region 

Fig. 13 Fracture morphology of HL-7 
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at the intersection of the crack extensions. Because the 

crack propagation rate is low during low stress amplitude, 

the extension zone is very flat and smooth. HLH-2 went 

through seven load stages, with stress ranging from 110 

MPa to 80 MPa to 110 MPa in steps of 10 MPa. Fig. 11(c) 

shows that the fatigue fracture has only one source located 

in the lower part. Similarly, because the crack propagation 

rate is low under low stress loading, it is clear that the crack 

cross-sections expanded and contracted, and that the 

continuous extrusion of the metal surface resulted in a flat 

extension region. 

We also found that different loading stresses affected the 

ratio of the area of the extension zone to the area of the 

instant fracture region by comparing the final instant 

fracture regions of the three fracture sections. Fig. 11 shows 

that the fracture region of LH-5 has the largest area, 

followed by HL-7 and HLH-2. This is because crack 

propagation reduces the effective bearing area of the 

specimen, which causes the stress on the remaining section 

to gradually increase. The specimen developed an instant 

fracture when the remaining section was incapable of 

resisting the stress from the external load. A lower loading 

stress range leads to a larger area of crack extension but a 

proportional reduction in the area of instant fractures. 

Figs.  12-14 show the typical fat igue fai lure 

characteristics of crack initiation, fatigue propagation, and 

transient fatigue fracture zones. The micro-morphology of 

the fracture is related to the loading history, but the effect of 

different load patterns is not so prominent. This may be 

because the difference in stress range corresponding to each 

load step is too small, which reduced the effect of sudden 

stress change on fatigue crack propagation. Figs. 12(a)-

14(a) show that the source of fatigue is on the thread root 

surface where the stress concentration was highest. Each 

fatigue source zone is relatively smooth and has a deep 

color, showing river-like patterns toward the inside of the 

specimen. In the crack propagation zone, fatigue striations 

and secondary cracks can be observed. The striations are 

approximately parallel, and the cracks extend in the same 

direction as the secondary cracks and are perpendicular to 

the direction of crack propagation. The distances between 

fatigue striations differ between loading patterns. For LH, 

the fatigue striations are spaced narrowly for the case when 

low load stress amplitude cycles are applied first, whereas 

those tend to be wider when changed to high stress 

 

 

amplitude cycles, as shown in Fig. 12(b). Conversely, the 

spacing of fatigue crack propagation bands tends to be from 

wide to narrow for HL (Fig. 13(b)). For HLH, the change 

trends of the spacing of the fatigue crack propagation 

stripes is from wide to narrow to wide (Fig. 14(b)), and the 

opposite is seen for LHL. In the transient fatigue fracture 

region (Figs. 12(c)-14(c)), the mixed morphology of fatigue 

fringes and dimples is observed at the junction of the 

fatigue crack stable extension zone and the fast extension 

zone. The presence of a large quantity of dimples is the 

main microscopic feature of the plastic fracture of metal. 

Crystal particles can be found in the dimples, and the tear 

marks of the sudden rupture can be observed. 

 

 

4. Conclusions 
 
From the combination of variable amplitude fatigue 

tests, cumulative damage models, and fractographic 

analysis, we draw the following conclusions: 

 

● Fatigue failure of an M30 high-strength bolt in a 

bolt-sphere joint tends to occur at the first engaged 

thread between the bolt and the sphere, where the 

stress is most concentrated, due to the notch effect 

caused by an abrupt change in cross-section or to 

defects caused by the manufacturing treatment of the 

thread surface. 

● We used Miner’s rule and the Corten-Dolen model to 

examine the effects of loading history on cumulative 

fatigue damage. There are differences between DM 

and DCD, but the predictions given by the two 

models nearly coincide for all bolt specimens. The 

S-N curve equation of variable amplitude fatigue, 

based on Miner’s rule, was developed with 

equivalent stress amplitude as the design parameter. 

● The effect of loading history was observed on the 

fracture morphology of all bolt specimens. When 

low stress amplitude cycles are applied first, 

multiple crack initiations are liable to occur near the 

thread surface, and a lower loading stress range leads 

to a larger area of crack extension but a proportional 

reduction in the area of instant fractures. Moreover, 

the spacing of crack propagation bands differs 

between the loading patterns. 

   

(a) Crack initiation region (b) Crack propagation region (c) Instant fracture region 

Fig. 14 Fracture morphology of HLH-2 
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Table A1 The variable amplitude fatigue test results of M30 high strength bolts 

Number 
𝜎𝑚𝑎𝑥 

(𝑀𝑃𝑎) 

𝜎𝑚𝑖𝑛 

(𝑀𝑃𝑎) 

𝛥𝜎𝑖 

(𝑀𝑃𝑎) 

Ni 

(× 104) 

Nf 

(× 104) 
Number 

𝜎𝑚𝑎𝑥 

(𝑀𝑃𝑎) 

𝜎𝑚𝑖𝑛 

(𝑀𝑃𝑎) 

𝛥𝜎𝑖 

(𝑀𝑃𝑎) 

Ni 

(× 104) 

Nf 

(× 104) 

LH-1 
225 135 90 223.37 

250.84 HL-1 
275 165 110 21.87 

190.46 
250 150 100 27.47 250 150 100 168.59 

LH-2 
300 180 120 0.47 

78.27 HL-2 
350 210 140 23.32 

26.53 
325 195 130 77.80 325 195 130 3.21 

LH-3 
350 210 140 13.72 

21.83 HL-3 
425 255 170 30 

41.58 
375 225 150 8.11 400 240 160 11.58 

LH-4 
425 255 170 23.77 

33.48 HL-4 
475 285 190 2.38 

20.15 
450 270 180 9.71 450 270 180 17.77 

LH-5 
475 285 190 2.89 

12.71 HL-5 
525 315 210 12.05 

12.92 
500 300 200 9.82 500 300 200 0.87 

LH-6 

225 135 90 30.00 

88.36 HL-6 

275 165 110 30.00 

79.15 250 150 100 30.00 250 150 100 30.00 

275 165 110 28.36 225 135 90 19.15 

LH-7 

200 120 80 30.00 

97.95 HL-7 

275 165 110 30.00 

80.60 
225 135 90 30.00 250 150 100 30.00 

250 150 100 30.00 225 135 90 7.12 

275 165 110 7.95 200 120 80 13.48 

LH-8 

225 135 90 30.00 

102.31 HL-8 

300 180 120 11.20 

78.32 
250 150 100 30.00 275 165 110 30.00 

275 165 110 25.20 250 150 100 30.00 

300 180 120 17.11 225 135 90 7.12 

LHL-1 

200 120 80 30.00 

123.08 
HLH-1 

250 150 100 30.00 

98.68 
225 135 90 30.00 225 135 90 30.00 

300 180 120 11.20 200 120 80 13.48 

250 150 100 30.00 275 165 110 25.20 

275 165 110 21.88 

HLH-2 

275 165 110 31.31 

192.34 
LHL-2 

200 120 80 30.00 

174.48 

250 150 100 30.00 

225 135 90 30.00 225 135 90 19.15 

250 150 100 30.00 200 120 80 30.00 

275 165 110 23.94 225 135 90 30.00 

250 150 100 30.00 250 150 100 30.00 

225 135 90 30.54 275 165 110 21.88 
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Table B1 The constant amplitude fatigue test results of M30 high strength bolts 

Number 
𝜎𝑚𝑎𝑥 

(𝑀𝑃𝑎) 

𝜎𝑚𝑖𝑛 

(𝑀𝑃𝑎) 

𝛥𝜎 

(𝑀𝑃𝑎) 

Nf 

(× 104) 
Number 

𝜎𝑚𝑎𝑥 

(𝑀𝑃𝑎) 

𝜎𝑚𝑖𝑛 

(𝑀𝑃𝑎) 

𝛥𝜎 

(𝑀𝑃𝑎) 

Nf 

(× 104) 

M30-1 225 135 90 264.35 M30-20 400 240 160 19.55 

M30-2 225 135 90 160.89 M30-21 400 240 160 28.06 

M30-3 225 135 90 120.45 M30-22 400 240 160 21.67 

M30-4 250 150 100 195.87 M30-23 425 255 170 18.78 

M30-5 250 150 100 105.40 M30-24 425 255 170 18.92 

M30-6 250 150 100 105.60 M30-25 425 255 170 35.43 

M30-7 275 165 110 126.90 M30-26 450 270 180 21.26 

M30-8 275 165 110 116.98 M30-27 450 270 180 14.94 

M30-9 275 165 110 69.16 M30-28 450 270 180 14.38 

M30-10 300 180 120 71.13 M30-29 475 285 190 12.09 

M30-11 300 180 120 53.55 M30-30 475 285 190 18.20 

M30-12 325 195 130 38.88 M30-31 475 285 190 11.38 

M30-13 325 195 130 42.13 M30-32 500 300 200 17.42 

M30-14 350 210 140 38.57 M30-33 500 300 200 17.88 

M30-15 350 210 140 28.97 M30-34 500 300 200 9.41 

M30-16 375 225 150 23.77 M30-35 525 315 210 13.83 

M30-17 375 225 150 39.90 M30-36 525 315 210 11.61 

M30-18 375 225 150 23.17 M30-37 525 315 210 16.82 

M30-19 400 240 160 33.13      
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