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Abstract. In order to study the effect of different bolts tightening sequences on the stress of bolts 
work-piece, the finite element simulation and stress test experiments are adopted. Three types of 
bolt work-piece: two, five, and frame type bolts work-pieces are studied under different tightening 
sequences. The stress values and distribution are obtained under different tightening sequences by 
simulation. It is observed that the stress distribution tendency of bolts work-piece has little change 
under different tightening sequences. It also notices that the tightening sequences have no effect 
on two bolts work-piece due to the symmetry of work-piece. In five bolts work-piece, the variation 
range of stress under tightening from ends to middle is smaller than that under sequence tightening, 
which indicates that better stress uniformity is obtained under tightening from ends to middle in 
five bolts work-piece. Similarly, in frame bolts work-piece, the variation range of stress under 
symmetrical tightening is smaller than that under sequence tightening, which indicates that better 
stress uniformity is obtained under symmetrical tightening in frame type bolts work-piece. 
Furthermore, the experimental results are in good agreement with the simulation results. 
Moreover, the stress variation mechanism is revealed by analyzing residual preload variation 
under sequence tightening. 
Keywords: bolt work-piece, tightening sequence, stress, finite element simulation, stress 
experiment. 

1. Introduction 

The bolt connection, a common connection mode, is widely applied in machine tools, 
aerospace, automobile, and other fields [1-3]. Many experts had made in-depth research on bolt 
connection by means of experiments and finite element simulation due to the universality and 
importance of bolt connection [4, 5].  

 On aspect of experiments, Bibel et al. [6] found assembly quality, such as surface clearance 
and dislocation, would directly affect the elastic interaction between bolts by the experiments of 
the bolt connection of flange gaskets. Fukuoka et al. [7, 8] studied the assembly process of pipe 
flange bolt connection by finite element simulation calculation. To study the influence of 
high-strength bolt pretension on the joint plate, the different stress distribution on different 
pretension on the joint plate was studied [9]. For theoretical study, Chen et al. [10, 11] established 
the finite element model of long plate bolt group connection by using nonlinear contact, and 
studied the influence of bolt tightening sequence on the residual pre-tightening force of bolts. In 
study of assembly performance of a gasket bolted flanged pipe joint using different bolt tightening 
strategies, it is concluded that the bolt scatter cannot be eliminated using torque control method, 
but can be reduced within acceptable level by proper bolt up sequence and multiple pass tightening 
[12]. Ibai Coria et al. [13] found a numerical methodology that iteratively calculated the 
non-uniform bolt tightening load distribution to achieve a uniform gasket stress distribution, which 
improved the performance of bolted joints subjected to external loads. A general multi-bolts 
elastic interaction with bolt stress relaxation was modeled analytically to take elastic interaction 
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and bolt stress relaxation into account before jointing [14]. In the study of dynamic characteristics 
of bolted joints, Zhao et al. [15] proposed a nonlinear virtual material method based on surface 
contact stress to describe the bolted joint for accurate dynamic performance analysis of the bolted 
assembly.  

Although some researches have been achieved, few works about the bolt tightening sequences 
effects on stress have been done. The stress distribution under different bolt tightening sequences 
is unknown. In addition, previous researchers focused only on stress of bolt in one case of 
work-piece [16]. The stress of multiple cases of bolts work-piece has rarely been reported. 
Moreover, the consistency of stress distribution and variation in different forms of bolt 
work-pieces still needs to be confirmed. Furthermore, there is also a lack of explanation for the 
cause of stress variation under different bolt tightening sequences. Therefore, it is necessary to 
study the change of stress and cause in work-pieces under different bolt tightening sequences. 

In order to study the effect of different bolts tightening sequences on the stress of bolts 
work-pieces, the finite element simulation combined with strain stress testing method is used to 
study the effect of different bolts tightening sequences on the stress of bolts work-pieces. Three 
types of bolt work-piece: two bolts, five bolts, and frame type bolts work-piece are studied under 
different tightening sequences. The stress values and stress distribution are obtained under 
different tightening sequences by finite element simulation. Moreover, strain stress testing 
experiment is also conducted to validate the outcomes. 

 
Fig. 1. Three different bolts work-pieces 
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2. Method and methodology 

2.1. Description of experimental model and tightening sequence 

This research of stress of bolts is mainly applied to the connection of machine tool component. 
The two bolts, five bolts, and frame type bolts are the main connection forms in machine tool. 
Fig. 1(a), (b), and (c) show the two bolts, five bolts and frame type bolts work-pieces, respectively. 
The M12*80 bolts with the strength grade 12.9 are assembled in work-pieces. The flat washers 
with 2.5mm thickness are used between the joints of nuts and bolt heads. The surface roughness 
of the joint is 1.6um. The strain gauges are pasted at the middle part of the upper rows in the two 
bolts, five bolts and frame type bolts work-pieces. Due to the uniformity of the size and material 
and symmetry of position in bolt work-pieces, it is only necessary to measure the maximum 
principal stress and strain on up rows in subsequent experiments and simulations. 

In order to study the effect of different bolts tightening sequences on the stress of bolts 
work-pieces, the different bolt tightening sequences of two bolts, five bolts and frame type bolts 
work-pieces are shown in Fig. 2(a), (b), and (c), respectively. The circles represent the bolts while 
the rectangles represent the work-piece. The number on each bolt indicates the order in which it 
is installed. 

 
Fig. 2. Different tightening sequence in three different bolts work-piece: a) two bolts work-piece,  

b) five bolts work-piece, and c) frame type bolts work-piece 
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Fig. 2(a) shows the tightening sequences of the two bolts work-piece: tightening from left to 
right and right to left. Fig. 2(b) shows the tightening sequences of the five bolts work-piece: 
sequence tightening, tightening from middle to the ends and ends to the middle. Fig. 2(c) shows 
the tightening sequences of the frame type bolts work-piece: sequence and symmetrical tightening. 
By comparing the stress variation of the different bolts work-pieces, the influence of different bolt 
tightening sequences on stress distribution of bolts work-pieces are researched. 

2.2. Simulation model 

Because it is hard to measure the distribution of stress filed in the bolts work-pieces solely on 
experiment, the simulations are adopted by finite element software. The material of bolts 
work-pieces is Q235 steel while the material of bolt is alloy steel. The galvanized steel gasket is 
adopted. In the room temperature, the elastic modulus and Poisson’s ratio of these materials are 
almost the same. Therefore, in the process of building finite element model, the elastic modulus 
and Poisson's ratio of all materials are 210 GPa and 0.27, respectively [17]. 

In bolt connection group, it mainly consists of upper and lower work-pieces, multiple bolts, 
nuts and gaskets. There are several assembly pairs in bolt connection work-pieces: bolt head and 
gasket, bolt and nut, nut and gasket, gasket and work-pieces. These types of contacts all belong to 
non-linear contact. To reduce the amount of calculation time and facilitate the convergence in the 
iteration of finite element calculation, only the contact pairs associated with the work-piece are 
retained. To facilitate meshing and ensure accuracy of simulation, hexagon nut is simplified to a 
circle. The Solid 185 element is adopted in simulation [17]. To improve the accuracy of  
calculation, the meshes on the contact surface are subdivided. Fig. 3 shows the meshing of the 
finite element model. 

 
Fig. 3. Mesh of three different the finite element models:  

a) two bolts work-piece, b) five bolts work-piece, and c) frame type work-piece 

In dealing with the contact analysis, the contacts between gasket and work-piece, work-piece 
and work-piece are defined as Friction. The friction coefficient between the work-piece is 0.15 
while the friction coefficient between the gasket and the work-piece is 0.18. To improve the 
convergence of calculation, the contact behavior mode is set to Symmetric contact in this 
simulation. In addition, to solve the problem of mutual penetration between contact surfaces, the 
Augment Lagrange algorithm [18] is adopted as contact formula in advanced settings. To avoid 
the large rigid body displacement in simulation results, the Weak Spring setting is enabled. The 
pre-tightening load of bolts is set by using the “bolt pretension” function of software. The sequence 
tightening is from left to right in five bolts work-pieces while that of frame type bolts work-piece 
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is clockwise direction [19, 20]. Different tightening sequences would be carried out by setting 
different load steps.  

2.3. Experimental stress testing principle and method 

In order to test stress on bolts work-pieces under different tightening sequences, three phase 
strain gauge and static strain tester are used to collect experimental data. The strain is analyzed 
and processed, then the stress of the bolt work-piece is calculated. 

2.3.1. Formula deduction of strain and stress  

Cartesian coordinate system is established at any point on the work-piece surface. Linear strain 𝜀 , 𝜀   and shear strain 𝛾  are supposed to be known. Under the condition of small deformation 
of work-pieces, linear strain 𝜀 , 𝜀   and shear strain 𝛾  of the point and 𝑋-axis in arbitrary α 
angular direction could be obtained by superposition principle. The corresponding formulas are 
shown below: 𝜀 = 𝜀 cos 𝛼 + 𝜀 sin 𝛼 − 𝛾 sin𝛼cos𝛼, (1)𝜀  = 𝜀 + 𝜀  2 + 𝜀 − 𝜀  2 cos2𝛼 − 𝛾2 sin2𝛼,𝛾2 = 𝜀 − 𝜀  2 sin2𝛼 + 𝛾2 cos2𝛼.  (2)

The derivative of 𝜀  to 𝛼 is taken: 𝑑𝜀  𝑑𝛼 = −2 𝜀 − 𝜀  2 sin2𝛼 + 𝛾2 cos2𝛼 . (3)

When the derivative is zero, the positive strain 𝜀  on the section determined by the angle of 𝛼 
takes the extreme value. Comparing the Eqs. (2) and (3), it can be found that shear strain is zero 
at this time. So, it is direction of the main strain when the derivative is zero. 𝛼 is brought into 
Eq. (2), the value of principle strain and 𝛼 are calculated as shown in Eq. (4): 

⎩⎪⎪⎪
⎨⎪
⎪⎪⎧tan2𝛼 = − 𝛾𝜀 − 𝜀  ,
𝜀 = 𝜀 + 𝜀  2 + 𝜀 − 𝜀  2 + 𝛾2 ,
𝜀 = 𝜀 + 𝜀  2 − 𝜀 − 𝜀  2 + 𝛾2 .

 (4)

Because shear strain 𝛾  cannot be measured directly by device, it can be derived by 
substituting the measured 𝜀 into Eq. (5): 

⎩⎪⎨
⎪⎧𝜀 = 𝜀 + 𝜀  2 + 𝜀 − 𝜀  2 cos2𝛼 − 𝛾2 sin2𝛼 ,𝜀 = 𝜀 + 𝜀  2 + 𝜀 − 𝜀  2 cos2𝛼 − 𝛾2 sin2𝛼 ,𝜀 = 𝜀 + 𝜀  2 + 𝜀 − 𝜀  2 cos2𝛼 − 𝛾2 sin2𝛼 .     (5)
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In order to simplify the calculation, 𝛼 , 𝛼 , 𝛼  are taken as special values. The three directions 
of strain gauge are selected to be 0°, 45° and 90°, respectively. When 𝛼 , 𝛼 , 𝛼  are selected to be 
0°, 45° and 90°, the Eq. (5) could be simplified as Eq. (6): 𝜀 ° = 𝜀 ,𝜀 ° = 𝜀 + 𝜀  2 − 𝛾2𝜀 ° = 𝜀 . , (6)

The linear strain and shear strain can be calculated by Eq. (6) as shown in Eq. (7): 𝜀 = 𝜀 °,𝜀 = 𝜀 °,𝛾 = 𝜀 ° + 𝜀 ° − 2𝜀 °. (7)

Bring the Eq. (7) into the Eq. (4), the value and direction of principal strain can be calculated 
as shown in Eq. (8): 

⎩⎪⎪⎪
⎨⎪
⎪⎪⎧tan2𝛼 = − 𝛾𝜀 − 𝜀  = −𝜀 ° + 𝜀 ° − 2𝜀 °𝜀 ° − 𝜀 ° ,
𝜀 = 𝜀 ° + 𝜀 °2 + 𝜀 ° − 𝜀 °2 + 𝜀 ° + 𝜀 ° − 2𝜀 °2 ,
𝜀 = 𝜀 ° + 𝜀 °2 − 𝜀 ° − 𝜀 °2 + 𝜀 ° + 𝜀 ° − 2𝜀 °2 .

 (8)

The principal stress can be calculated by Hooke’s law and the measured principal strain as 
shown in Eq. (9). The direction of principal stress is consistent with that of principal strain: 

⎩⎨
⎧𝜎 = 𝐸1 − 𝜇 𝜀 + 𝜇𝜀 ,𝜎 = 𝐸1 − 𝜇 𝜇𝜀 + 𝜀 .   (9)

The bolt preloading is exerted by applying torque on the bolt with the torque wrench. Using 
the torque wrench, the precise preloading can be exerted on the bolt [22, 23]. Every stress test is 
repeated five times to ensure the reliability and accuracy. The strain value of each point is 
measured by the test system as shown in Fig. 4(a) and (b). According to the stress-strain formulas 
deduced, the specific stress value of each point is calculated.  

The stress testing process is shown in Fig. 4(c). Three phase strain gauge is pasted on the 
surface of the experimental work-pieces, and strain of work-piece is measured by resistance strain 
gauge [24]. At present, beam type of resistance strain gauge is commonly used in strain and 
mechanical measurement. It is easy to use, good in generality, suitable for many occasions, and 
the test results are more accurate and reliable than many other methods (such as tube type and 
diaphragm type of resistance strain gauge) [25]. The strain is collected by the data acquisition 
system, and the stress state of the work-piece is calculated by analysis program in device. 
Temperature self-compensated BE120-2CB (11) resistance strain gauge is used in the experiment. 
Due to the strain value of work-piece is very small, its order of magnitude is generally 10-6, the 
resistance of strain gauge changes little, which needs to be amplified by instrument. The resistance 
value of the resistance strain gauge is 120 Ω. Data acquisition system DH3816N static strain tester 
is applied. All experimental instruments and equipment can meet the experimental requirements. 
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Fig. 4. Specific experimental equipment and scenarios: a) five bolts work-piece,  

b) frame type bolts work-piece, and c) stress testing process 

3. Results and discussion 

3.1. Stress results of simulation 

Fig. 5 shows the semi-sectional stress distribution of the tightening from left to right in two 
bolts work-piece. It can be seen that the stress distribution of the work-pieces is spindle shape 
when the bolt is pre-tightened. This simulation results are in agreement with theoretical model of 
stress distribution in Screw Joints by Xue Chuang [25]. 

In the cross-sectional view of two bolts work-piece, it can be found that the stress value of the 
point located between two bolts is less than that located on the bolts. The above phenomenon also 
appears in five and frame type bolts work-piece (not shown here). Since the stress distribution of 
two bolts, five bolts and frame type bolts work-piece are basically the same, for simplicity, the 
stress distribution of five and frame type bolts work-pieces are not be repeated in this work.  

In order to compare the stress values at the bolts, the A,B,C,D represent the measuring point 
1, measuring point 2, measuring point 5, measuring point 6, respectively, in two bolts work-piece. 
The A,B,C,D,E represent the measuring point 1, measuring point 2, measuring point 3, measuring 
point 4, measuring point 5, respectively, in five bolts work-piece and frame type bolts work-piece. 

 
Fig. 5. Cross-sectional view of stress distribution of  

the two bolts work piece under tightening from left to right 

The different bolts tightening sequences are simulated by ANSYS Workbench in two bolts, 
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five bolts and frame type bolts work-pieces. In order to be consistent with the results in subsequent 
experiments, the maximum principal stress is occurred in simulation. The maximum principal 
stress of the two element nodes located on strain gauge center in model of work-pieces is obtained. 
These measuring points in simulation are consistent with the measuring points tested by strain 
gauge in subsequent experiments. Then the average maximum principal stress is calculated by the 
former maximum principal stresses. 

The stress distributions and maximum principal stresses of two bolts work-pieces, five bolts 
work-piece and frame type bolts work-pieces under different bolt tightening sequences are shown 
in Fig. 6, Fig. 7, and Fig. 8, respectively. The number in Fig. 6(d), Fig. 7(d), and Fig. 8(d) represent 
the tightening sequence of measuring point. 

 
Fig. 6. Surface stress distribution of two bolts work-piece under bolt assembly processes: a) tightening 
from left to right, and b) tightening from right to left, and c) stress curves of two tightening sequences 

Fig. 6(a) shows the stress distribution of two bolts work-piece under tightening from left to 
right while that under tightening from right to left is shown in Fig. 6(b). It can be seen in Fig. 6(a) 
that the stress distribution of the whole two bolts work-piece is comparatively uniform. By 
comparing the stress distribution in Fig. 6(a) and (b), the result shows that tightening sequences 
have little influence on stress distribution of two bolts work-piece. The specific stress values of 
two bolts work-piece are shown in Fig. 6(c). Point A, B, C, and D represent the measuring point 
1, 2, 5, and 6, respectively (Our goal is to test the stress on the bolt points rather than the stress 
between the bolts, so point 3 and 4 are discarded in subsequent tests and simulations). Under the 
tightening from left to right, the stress value at point A and B are slightly larger than that at point 
C and D. The opposite is true when tightening from right to left. This is due to the symmetry of 
two bolts work-piece. In general, there is little difference in the stress values at each measuring 
point under different tightening sequences. 

Fig. 7 shows the stress distribution and stress values of five bolts work-piece under different 
tightening sqecences. It can be seen in Fig. 7(a), (b), and (c) that the stress distribution have little 
difference under different tightening sqecences. The specific stress values of five bolts work-piece 
are shown in Fig. 7(d). Point A, B, C, D, and E represent the measuring point 1, 2, 3, 4, and 5, 
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respectively. In Fig. 7(d), the stress values are decreasing under sequence tightening in five bolts 
work-piece. Meanwhile, the stress values are decreasing first and then increasing under tightening 
from ends to middles while that are increasing first and decreasing then under tightening from 
middle to ends.  

 
Fig. 7. Surface stress distribution of two bolts work-piece under bolt assembly processes:  
a) sequence tightening, b) tightening from the ends to middle, c) tightening from the ends  

to middle, and d) stress curves of three tightening sequences 

 
Fig. 8. Surface stress distribution of two bolts work-piece under bolt assembly processes:  

a) sequence tightening, b) symmetric tightening, and c) stress curves of two tightening sequences 
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Similarly, Fig. 8(a) shows the stress distribution of frame type bolts work-piece under 
sequence tightening while that under symmetrical tightening is shown in Fig. 8(b). By comparing 
the stress distribution in Fig. 8(a) and (b), it found that tightening sequences have little influence 
on stress distribution of frame type bolts work-piece. The specific stress values of frame type bolts 
work-piece are shown in Fig. 8(c). Point A, B, C, D, and E represent the measuring point 1, 2, 3, 
4, and 5, respectively. Simultaneously, the stress values are decreasing all the time under sequence 
tightening and that are decreasing first and then increasing under symmetrical tightening. 

Comparing with the different tightening sequences and different curve trends, it can be seen 
that the stress value at measuring point of bolts tightened first is larger than that tightened later. 

3.2. Stress results of experiment  

The average stress values of the experimental results of two bolts, five bolts and frame type 
bolts work-piece are shown in Table 1. It can be seen from the Table 1 that the values of the point 
3 and 4 in two bolts work-piece and the point 6 and 7 in frame type work-piece are less than other 
points. Far from the center area of bolt, the stress is less affected by tightening sequence.  
Therefore, these positions could be neglected in the next experiments. 

Table 1. Maximum principal stress of measured points in three different bolts work-pieces in experiment 

Bolts 
work-
piece 

Maximum stress 

Tightening 
sequence 

Measuring  
point 1 
(M Pa) 

Measuring 
point 2 
(M Pa) 

Measuring 
point 3 
(M Pa) 

Measuring 
point 4 
(M Pa) 

Measuring 
point 5 
(M Pa) 

Measuring 
point 6 
(M Pa) 

Measuring 
point 7 
(M Pa) 

Two 
bolts 

Tightening 
from left 
to right 

7.84 7.91 1.86 1.92 7.66 7.69 / 

Tightening 
from right 

to left 
7.65 7.71 1.73 1.66 7.88 7.95 / 

Five 
bolts 

Sequence 
tightening 8.28 8.17 8.08 8.07 7.96 / / 

Tightening 
from ends 
to middle 

8.23 8.11 8.05 8.03 8.09 / / 

Tightening 
from 

middle to 
ends 

8.09 8.18 8.23 8.21 8.11 / / 

Frame 
type 
bolts 

Sequence 
tightening 8.69 8.53 8.55 8.39 8.19 2.03 1.98 

Symmetric 
tightening 8.27 8.14 8.08 8.16 8.23 2.11 2.25 

According to Table 1, due to the symmetry of the two bolts work-piece, the maximum 
difference of stress value is small (0.25 MPa). Meanwhile, the maximum difference of stress value 
in five bolts work-piece in each measuring point is 0.32 MPa under sequence tightening, which is 
larger than that under tightening from the ends to middle and tightening from the middle to ends. 
This means that the stress values are more uniform under tightening from the ends to middle and 
tightening from the middle to ends. Moreover, the maximum difference of stress value in frame 
type bolts work-piece in each measuring point is 0.5 MPa under sequence tightening, which is 
larger than that under symmetrical tightening. This means that the stress values are more uniform 
under symmetrical tightening. 
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3.3. Comparison between simulation and experiment 

Comparing the results of simulation and experiment, the difference of stress values are showed 
by the Fig. 9. By comparing the difference of simulation and experiment in the Fig. 9, it can be 
found that the simulation results are larger than the experimental data. This is due to the assembly 
errors in experiment, which are not taken into account in the simulation. Those errors include the 
patch error of strain gauge, the non-uniformity of the work-piece itself and the error of the 
experimental instrument itself. However, the tendency of the stress values in experiment is 
consistent with that in simulation.  

  
Fig. 9. Stress difference between simulation and experiment in three different  

bolts work-pieces under different tightening sequences 

3.4. Stress variation mechanism 

Taking the above results into consideration, it can be easily found the stress value at measuring 
point of bolts tightened first is larger than that tightened later. 

According to the research of bolt preloading by Wang [26], the reason of the slight change of 
stress value is considered in relation to the bolt preloading sequence. The different bolt preloading 
sequences leading to the different force in each bolt, this result in a change in the magnitude of 
the stress value. In this article, the three bolt work-piece is taking as an example to explain the 
influence of different bolt pre-tightening sequence on its pre-tightening force. The Fig. 10 shows 
the three bolts assembly process of sequential tightening. The simplified mechanical model of the 
three bolt work-piece is shown in Fig. 10(a) and corresponding spring-node model is shown in 
Fig. 10(b). The 𝐾 ,  represents the elastic interaction stiffness between different bolts. The Node 1, 
Node 2 and Node 3 located at the center of bolt 1, blot 2 and bolt 3 are loading point of force. 𝐾 , , 𝐾 ,  and 𝐾 ,  are the compression stiffness of bolt 1, bolt 2 and bolt 3 while 𝐾 , , 𝐾 ,  and 𝐾 ,  are 
the interaction stiffness between bolt 1 and bolt 2, bolt 2 and bolt 3, and bolt 1and bolt 3, 
respectively. 

Fig. 10(c)-(e) shows the sequence preloading the three bolts from left to right. There are two 
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assumptions: (i) only elastic deformation is concerned for the connecting member and the blots 
during multi-bolt preloading; (ii) the connected body is only subjected to the bolt axial tightening 
force.  

As shown by Fig. 10(c), (d) and (e), the bolt 1, bolt 2 and bolt 3 are tightened by preload 𝐹 , 𝐹  and 𝐹 , respectively. The bolt 1 is tightened by 𝐹 . The elastic displacement 𝛿  located at node1 
due to 𝐹  is given by Eq. (10): 𝛿 = 𝐹𝐾 . . (10)

Then bolt 2 is tightened by 𝐹 . 𝛿 ,  is the elastic displacement variation caused by 𝐹  and bolt 1 
preload variation ∆𝐹 , : 

𝛿 , = ∆𝐹 ,𝐾 . +  𝐹𝐾 . . (11)

The elastic deformation of bolt 1 is 𝛿 , : 

𝛿 , = ∆𝐹 ,𝐾 =  ∆𝐹 , 𝐿𝐸 𝐴 . (12)

𝐾 , 𝐸 , 𝐿  and 𝐴  are the stiffness, Young’s modulus, effective bolt length and nominal 
area of bolt 1, respectively. 

According to the theory of elastic mechanics, the elastic variation of node 1 is equal to the 
elastic deformation of bolt 1: 𝛿 , + 𝛿 , = 0. (13)

Through the Eqs. (10) to (12), the ∆𝐹 ,  can be obtained: 

∆𝐹 , = − 𝐹 𝐾 . 𝐾𝐾 . 𝐾 + 𝐾 . . (14)

The residual preload 𝐹 ,  of bolt 1 after tightening bolt 2 is: 

𝐹 , = 𝐹 , + ∆𝐹 , = 𝐹 − 𝐹 𝐾 . 𝐾𝐾 . 𝐾 + 𝐾 . . (15)

In the same reason, the elastic variation of node 1 (node 2) is equal to the elastic deformation 
of bolt 1 (bolt 2) when the bolt 3 is tightened: 

⎩⎨
⎧𝛿 , + 𝛿 , = ∆𝐹 ,𝐾 . +  ∆𝐹 ,𝐾 . + 𝐹𝐾 . +  ∆𝐹 ,𝐾  = 0,𝛿 , + 𝛿 , = ∆𝐹 ,𝐾 . +  ∆𝐹 ,𝐾 . + 𝐹𝐾 . +  ∆𝐹 ,𝐾  = 0. (16)

∆𝐹 ,  and ∆𝐹 ,  are the residual preload variation of bolt 1 and bolt 2 after tightening bolt 3. 𝛿 ,  and 𝛿 ,  are the displacement variation of node 1 and node 2 after tightening bolt 3. 𝛿 ,  and 𝛿 ,  are the elastic deformation of bolt 1 and bolt 2 after tightening bolt 3. 
The variation of residual preload ∆𝐹 ,  and ∆𝐹 ,  of bolt 1 and bolt 2 are obtained: 
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     ∆𝐹 ,∆𝐹 ,  = −− 𝐾 , + 𝐾 𝐾 ,𝐾 , 𝐾 , + 𝐾 𝐾 , 𝐹𝐾 , 𝐹 , (17)

⎩⎪⎨
⎪⎧∆𝐹 , =  −  𝐾 , + 𝐾  − 𝐾 , 𝐾 ,𝐾 , + 𝐾  𝐾 , + 𝐾 − 𝐾 , 𝐾 , 𝐹 ,
∆𝐹 , =  −  𝐾 , 𝐾 , + 𝐾  − 𝐾 , 𝐾 ,𝐾 , + 𝐾  𝐾 , + 𝐾 − 𝐾 , 𝐾 , 𝐹 . (18)

Therefore, the residual preloads of bolt-1, bolt-2 and bolt-3 are given: 𝐹 , = 𝐹 + ∆𝐹 , + ∆𝐹 , ,𝐹 , = 𝐹 + ∆𝐹 , ,               𝐹 , = 𝐹 .                               (19)

According to the residual preloads of each bolt in the three-bolt work-piece, the residual 
preloads of each bolt in the 𝑛- bolt work-piece can be obtained. 

The compression stiffness of the bolt-𝑖 joint is assumed as 𝐾 ,  (𝑖 = 1, 2, 3…). The bolt-𝑖 is 
tightened by 𝐹 : 𝐾 , =  𝐹𝛿 , (20)

where 𝛿  is node-𝑖 displacement without the effect of elastic interaction. 
According to the Eqs. (14-20), the residual preloads of bolts-𝑖 𝐹 ,  (𝑖 = 1, 2, 3,…, 𝑛) are 

obtained: 𝐹 , = 𝐹 + ∆𝐹 , + ⋯+ ∆𝐹 , . (21)

 
Fig. 10. Schematic diagram of elastic interaction for 3-bolt joint: a) bolts layout, b) spring-node model,  

c) tightening bolt-1, d) tightening bolt-2, and e) tightening bolt-3 
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The residual preload of bolt-𝑖 after tightening bolt-𝑛 is 𝐹 , . The bolt-𝑖 preload variation after 
tightening bolt-(𝑖 + 1) is ∆𝐹 , . The bolt-𝑖 preload variation after tightening bolt-𝑛 is ∆𝐹 , . 

The stress variation of every bolt is effected on the preload variation of every bolt.  
According to above preloading of the simulation and experiment, the 𝐹  is the same in every 

bolt tightening assembly process. Therefore, the residual preload of bolt- 𝑖  is effected by  ∆𝐹 , + ⋯+ ∆𝐹 ,  regardless other factors.  
The stress generated by residual preload also is effected by ∆𝐹 , + ⋯+ ∆𝐹 , . It is assumed 

that the bolt internal stiffness under the same distance is the same. Therefore, the stress value 
variation is produced by the residual preload variation. That is why the stress values of bolts 
tightened first are larger than that tightened later. 

4. Conclusions 

In order to study the effect of different bolts tightening sequences on the stress of bolts 
work-pieces, the finite element stress simulation and stress test experimental methods are adopted. 
Three types of bolt work-piece: two bolts, five bolts, and frame type bolts work-piece are studied 
under different tightening sequences. According the stress distribution and values of the different 
bolt work-pieces under different bolt assembly sequences by simulation and experiment, the 
following conclusions can be drawn: 

1) The stress distribution tendency of different bolt work-pieces under different bolt assembly 
sequences has no great difference, which indicates that the different bolt assembly sequences have 
not significant effect on the stress distribution. 

2) The tightening sequences has no effect on two bolts work-piece due to the symmetry of 
work-piece. 

3) In five bolts work-piece, the variation range of stress under tightening from ends to middle 
is smaller than that under sequence tightening, which indicates that better stress uniformity is 
obtained under tightening from ends to middle in five bolts work-piece. 

4) Similarly, in frame bolts work-piece, the variation range of stress under symmetrical 
tightening is smaller than that under sequence tightening, which indicates that better stress 
uniformity is obtained under symmetrical tightening in frame type bolts work-piece. 

5) Through the analysis of residual preload variation in each bolt, that the stress values of bolts 
tightened first are larger than that tightened later can be explained. 

This work discusses the influence of different bolt tightening sequences on the stress value and 
distribution of bolt work-piece. The above conclusions are significant to improve the assembly 
process of manufacturing industry. After adjusting the bolt tightening sequence, the stress value 
of whole work-piece reduces. It is conducive to production and manufacture of high precision 
equipment and instruments. Through the optimization of bolt tightening process, further reducing 
the stress value of work-piece will be the future research direction. 
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