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A B S T R A C T   

The bolted joints exhibit typical nonlinear hysteresis under tangential loading, and the deviations 
of the preload in the bolt group add to the complexity of the model describing this behavior. In 
this paper, based on the mechanical analysis of the bolt group, a new methodology for predicting 
hysteresis behavior under non-uniform preload was proposed. Firstly, based on the moment 
equilibrium within the framework of material mechanics and the tangential stiffness model of the 
joint interface, a new coordination equation of displacement and force between the bolted joints 
was deduced, which could realize the calculation of the bolt group loading curve. Then, the 
PCOM (Preload Co-Occurrence Matrix) was constructed considering the arrangement of the 
joints, and the indices related to the spatial distribution of the preload were extracted from 
PCOM. The results of GCA (Grey Correlation Analysis) showed that the indices of PCOM were 
closely related to the hysteresis behavior of the bolt group. Finally, the prediction of energy 
dissipation could be realized by using the indices extracted from PCOM and the SVM(Support 
Vector Machine) regression model. The prediction results were in good agreement with the 
simulation and experiment, which verified the validity of the methodology proposed in this 
paper.   

1. Introduction 

The bolted connection is a widely accepted connection method in the fields of mechanical structure, chemical industry and dy-
namic engineering. Connected members are brought into contact by bolt preload and transmit tangential loads by dry friction. The 
bolted connection exhibits nonlinear hysteresis characteristics under the tangential friction [1,2], in which the energy dissipation of 
the bolted connection accounts for more than 90% of structural energy loss [3–7]. The evolution of the tangential behavior of the 
bolted connection will directly affect the overall structure’s performance. Therefore, the tangential behavior of the bolt group should 
be considered carefully in predicting dynamic responses. 

In recent years, the dynamic responses of bolted joint structures have been extensively studied, especially on the description of the 
tangential friction behavior at contact surfaces, from stiffness softening [8–12], the nonlinear modeling of tangential stiffness [13–16], 
and the physical modeling based on the interface topography [17–20]. Considering the inconsistency between the scales related to the 
energy dissipation and the overall structure, Daniel J. Segalman [21] based on the experimental values in Iwan’s framework [22], 
presented a four-parameter Iwan model to reproduce an experimentally observed power-law relation between the energy dissipation 
per cycle and the amplitude of applied loads in case of small amplitude oscillatory loads. 
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In the design of the bolted joint, the connection should have sufficient strength to resist the force produced during the operation. 
Meanwhile, to prevent the failure of the structure under extreme working conditions, the stable and reliable connection stiffness and 
energy dissipation capability should be guaranteed through the appropriate design of the system, components and bolted joints, that is, 
to ensure the flexibility of the bolted connection. Sheng-Jin Chen [23] greatly improved the ductility of the connection structure by 
optimizing the structure with ultimate strength almost unchanged, while the stiffness decreased slightly. Liu Shuguo [24] used the 
nonlinear finite element method and experiments to study the dynamic effects of structural parameters and external loads on the rotor 
joint stiffness and contact state. And the sensitivity analysis of the critical speed and vibration mode was carried out by the finite 
difference method. The stiffness of the connecting structure turned out to be the most sensitive variable of the external load. 

However, in the bolt-up process, even if a high dimensional accuracy of parts is guaranteed after machining, the preload error is 
inevitable [25,26] due to the deviation of the material parameters, the rough contact at interface, the manipulation error, etc. In a 
general way, the deviation of bolt group preload is more than 10% or even reach 30%–40%, and it is hard to eliminate. Many works 
[27,28] on bolt group slip or stiffness mainly study the effect of structural dimensions and joint arrangement (horizontal or longi-
tudinal) on bearing capacity and deformation, but rarely considered the role of preload deviation and joint interaction. 

Preload deviation is an inherent characteristic of the threaded connections, and the hysteretic behavior of a bolt group with non- 
uniform preload may be significantly different from that of a bolt group with uniform preload. So the objective of this work is to 
investigate the effect of preload deviation on the behavior of bolted joints. Firstly, the theoretical essence of the hysteresis behavior of 
bolt group with non-uniform preload and resulting performance deviation under tangential force is proposed based on the mechanics 
of materials, and after the analysis of the joint interaction, the force-displacement coordination equation is obtained combined with the 
friction mechanical model of joint interface. Then the PCOM (Preload Co-Occurrence Matrix) is established based on the arrangement 
of joints and features extracted from PCOM turn out to be sensitive to hysteresis behavior of joints by GCA (grey correlation analysis). 
Finally, the energy dissipation could be predicted combined with these features based on SVM (support vector machine) regression 
model and the results are in good agreement with simulation and experiment, which indicate the effect of the spatial distribution of 
preload. The aim of these analyses is to promote a better understanding of the hysteresis behavior of the bolted joints with non-uniform 
preload and to provide the modeling basis for the dynamic analysis and the response prediction of the complex bolted structure. 

2. Mechanical analysis 

The studied elementary bolted joint is presented in Fig. 1, as well as boundary conditions. Two plates are assembled using several 
bolts, and frictional contact conditions between the plates are set up. The research object in this paper is the slip phenomenon of a row 
of bolts shaped like Fig. 1 - fluctuations of tangential behavior due to deviations in preload when subjected to uniform line load. This 
abnormal phenomenon could lead to the difference between the performance of the bolted joints and the design requirements, which 
may result in the component failure such as out-of-tolerance vibration of rotor, the bolt looseness of wind power generation and fatigue 
failure in building structures. This analysis could provide a helpful guidance for the design of the bolt group with regard to the bearing 
capacity and tangential behavior under non-uniform preload in engineering. Generally, the deviation of the preload can be directly 
controlled. 

In this model, when the force at a local joint is greater than the maximum friction force (follow Coulomb’s friction law), the mobile 
plate starts to slip due to the transverse load. Then, under the influence of force and moment, the slip area gradually expands from this 
slipping joint to the whole mobile plate, resulting in globally slip. In this case, he starting point of the bolt group slip and the process of 
coordinated deformation may be affected by some mechanism. 

In order to clarify this mechanism, the following assumptions are made:  

1) The interface slip subjects to Coulomb’s friction law, Ff = μFN, and the bolted joint could be considered to be static when not reach 
the maximum friction force.  

2) The entire connection could be viewed as a beam model perpendicular to the slip direction and EI = const; 

Fig. 1. Description of a row of bolts subjected to the tangential force.  
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3) The displacement deviation of different joints in the loading direction is very slight, i.e. all joints are almost on the same horizontal 
line 

2.1. Mechanical analysis of bolt group slip 

To analyze the tangential constitutive behavior of the bolt group under non-uniform preload, a simple model is established as 
shown in Fig. 2. To explore the potential mechanism, a row of bolts is simplified as a beam model of material mechanics, and the 
analysis starts from the occurrence and characteristics of the slip process. 

As shown in Fig. 3, the bolted joint without slippage could be regarded as a fixing point and this fixing point divides the connection 
into two sections, a and b. From the point of view of material mechanics, the size of a, b and the linear load density q will affect the 
stress and bending moment of the entire connection, thereby affecting the slip process. According to Coulomb’s law, the condition for 
single-bolt globally slip is q(a + b) > Fmax f = μFpre, where Fmax f and Fpre are the maximum friction and preload respectively. Once meet 
this condition, the connection would be slippery and unstable, which will affect the performance. 

For the two-bolt connection as shown in Fig. 4, the two joints divide the connection into three sections a, b, and c. The slip of the 
connection is controlled by the load density q and the reaction force of the two joints. In Fig. 4a, when the two joints do not slip, the 
friction forces in the tensile direction of bolts 1 and 2 do not reach their respective maximum friction forces Fmax f1 and Fmax f2. Ac-
cording to the balance of force and moment, the friction force on the two ‘fulcrums’ can be obtained as: Ff1 =

q
2b [(a + b)2

− c2], Ff2 =

q
2b [(b + c)2

− a2]. The shear force and bending moment of the contact interface continue to increase with the density q, as does the 
friction force. When the friction force increases to the maximum friction force, the joint slips, as shown in Fig. 4b, and the tangential 
force at joint 1 is: Fmax f1 = μFpre1, where Fpre1 is the preload of bolt 1. Thus, the tangential force at joint 2 is Ff2 = q(a + b + c) − μFpre1. 
Therefore, for the bolt group, if no slip occurs, the joints will restrict each other under the force and moment balance. For the 
connection with different dimensions and non-uniform preload, the tangential forces at joints are not the same 

If other connection configurations with 3 or more bolted joints are considered, the constraints are more than the degrees of freedom 
in the slip direction, so that the beam model is transformed into a continuous beam model with more intermediate supports, i.e., a 
hyperstatic structure. Therefore, the concern has changed from the establishment of the force-moment equilibrium equation to the 
solution of the physical relationship and the deformation-geometric coordination. 

In Fig. 5, there are three fixed fulcrums in the 3-bolt connection when there is no slippage, with the distributed load q and the 
bending moments M1, M3 of sections a and d attached to joint 1 and 3, resulting in the internal bending moment M2 and support 
reaction Ff1, Ff2, Ff3. Then the three-moment method (Eq. (1)) [29] was considered to carry out the mechanical analysis of the hy-
perstatic structure. The three-moment method is mainly suitable for solving the continuous beam problems. For each intermediate 
support of the continuous beam, a three-moment equation could be listed, and the number of equations listed is equal to the number of 
intermediate supports of the continuous beam, that is, degree of indeterminacy. 

Mn− 1
ln

In
+ 2Mn

(
ln

In
+

ln+1

In+1

)

+Mn+1
ln+1

In+1
= −

6ωnan

lnIn
−

6ωn+1bn+1

ln+1In+1
(1)  

Where ωn and ωn+1 are the areas of the bending moment diagram of the simply supported beams of the nth and n+1st spans after the 
continuous beam is decomposed into simply supported beams. an and bn are the distances between the centroid of ωn and the left and 
right supports of the simply supported beam ln span. In is the cross sectional moment of inertia. The beam from joint 1 to joint 2 is 
assumed to be the first span, and that from joint 2 to joint 3 is assumed to be the second span. 

M1 =
qa2

2
,M3 =

qd2

2
, l1 = b, l2 = c (2) 

Fig. 2. Theoretical model of the bolt group slip.  
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Fig. 3. Shear-bending moment diagram of single-bolt connection.  

Fig. 4. Shear-bending moment diagram of two-bolt connection. (a) no slippage (b) bolt 1 slips.  

Fig. 5. Mechanical model of the three-bolt connection.  
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For the section b in Fig. 6, the moment equation is 

M =
qx2

2
−

qb
2

x=
q
2

(

x −
b
2

)2

−
qb2

8
(3) 

Similarly in section c, M =
q
2

(
x − c

2

)2
−

qc2

8 , and each span of the primary statically determinate system is a simply supported beam. 
Therefore, the bending moment diagram of the two span is shown in Fig. 6 without considering the coordination deformation of the 
entire continuous beam. 

These yield 

ω1a1 =
2
3
×

qb2

8
× b ×

b
2
=

qb4

24
, similarly,ω2a2 =

qc4

24
(4)   

By substitution Eqs. (2) and (4) into Eq. (1)                                                                                                                                         

M1 × l1 + 2M2(l1 + l2)+M3 × l2 =
− 6 × ω1a1

l1
−
− 6 × ω2a2

l2
(5) 

The mechanical equilibrium could be obtained from the primary statically determinate system, 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

2M2(b + c) + cM3 =
qc3

4
−

qb3

4
−

qa2b
2

M3 =
qd2

2

(6) 

The support reaction force could be given by Eqs. (1)-6) 
⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

Ff 1 =
M1 − M2

b
+

qb
2

=
q
(
6a2b + 4a2c − c3 + b3 + 2cd2)

8b(b + c)
+

qb
2

Ff 3 =
M3 − M2

c
+

qc
2
=

q
(
4bd2 + 6cd2 − c3 + b3 + 2a2b

)

8c(b + c)
+

qc
2

Ff 2 = q(a + b + c + d) − Ff 1 − Ff 3

(7)  

When a certain joint slips, the whole connection degenerates into a two-bolt joint model and the force can be calculated according to 
the two-bolt model, and then judge the next joint that would slip compared with the maximum friction force. In conclusion, the 
mechanical analysis of the bolt group with non-uniform preload could be conducted by the statics equilibrium and deformation-force 
coordination equations. Through the analysis, the support reaction force of the joints at various positions before they do not slip can be 
obtained. When the support reaction force is greater than the maximum friction force, the bolt joint fails, and the maximum friction 
force becomes a constant in the opposite direction to the tangential load. 

For bolt groups with higher degree of indeterminacy, three-moment method could be also used to calculate the reaction force of 
each joint under the external tangential load. When the reaction force of some bolts is greater than the maximum friction force, the 
connection will slip locally. As the external load increases, the degree of indeterminacy of the bolt group model decreases gradually, 
and then degenerate into a 2-bolt model and a 1-bolt model finally until the entire bolt group slips globally, which affects the per-
formance of the connection. 

2.2. Theoretical modeling of tangential stiffness of the bolt group 

The stiffness evolves nonlinearly when the bolt joint is subjected to tangential load as shown in Fig. 7. If a certain magnitude of 
cyclic tangential displacement is applied, the force-displacement curve exhibits obvious hysteretic characteristic. A typical hysteresis 
curve for the bolted lap plates consists of three parts (Fig. 7): Stage I, stick region; Stage II, nonlinear transition stage with partial slip; 
Stage III, globally slip region. Therefore, the area enclosed by these three regions was selected as the comprehensive evaluation indice 
of the tangential hysteresis behavior of the bolt group in this paper, that is, the energy dissipation Se . The nonlinear evolvement of 
stiffness at each joint needs to be considered in the multi-bolt model. Referring to Zhao [7], the relationship between the displacement 
and stiffness of a single bolt joint is given by 

Fig. 6. Two spans of the continuous beam.  
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KT(x)=

⎧
⎪⎨

⎪⎩

2
(
Kstick − Kslip

)

(Rmax − Rmin)φm
·

[
(Rmax − Rmin)x2

2φm
− Rmaxx +

(Rmax − Rmin)φm

2

]

+ Kslip 0 ≤ x ≤ φm

Kslip x ≥ φm

(8)  

Where Kstick and Kslip are the tangential stiffness of the joint in the stick region and globally slip region, respectively. Rmax and Rmin are 
the maximum and minimum radii of the pressure cone. x is the displacement of the joint and φm is the displacement at the transition 
from stage II to stage III. 

The tangential behavior of bolted group is affected by the hysteresis characteristics of bolted joints and the spatial constraints due 
to structural arrangement and preload. Taking the three-bolt model as an example, the displacement-force coordination equation is 
obtained by combining the analysis in Section 2.1 and Eqs. (7) and (8). 

x1 =
Ff 1

KT(x1)
, x2 =

Ff 2

KT(x2)
, x3 =

Ff 3

KT(x3)
(9) 

The stiffness of the bolt group is given by 

Kgroup =KT(x1)+KT(x2) + KT(x3) (10)  

2.3. FEM simulation 

In order to clarify the effect of deviation in the preload on the hysteresis performance of the bolt group straightaway, the simulation 
of the three-bolt model was performed (Fig. 8). In the simulation model, the fixed constraint was imposed on one end, and the si-
nusoidal force load with an amplitude of Ft was applied on the other end. The friction coefficient μ of all contact was 0.15 and the 
loading end generated relative displacement under the sinusoidal force load. The displacement and force charted the hysteresis curve 
shown in Fig. 8 and the energy dissipation Se in one loop was extracted from the simulation model. 

As shown in Fig. 9, it was assumed that the rated preload of each bolt of a certain connection structure was 10000 N. Due to the 

Fig. 7. The hysteresis curve of the bolted joints.  

Fig. 8. Simulation of the three-bolt model.  
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influence of random assembly process parameters (such as torque), the preloads of the three bolts were 8000 N, 10000 N, 12000 N 
respectively, and the total tangential force of 6750 N was applied. The loading force/displacement curves and contact states of three 
bolts in the sliding process were extracted from the simulation model. When the bolt pretightening force was imposed but the 
tangential load is not applied, the bolt connection was in the intact contact state and no local slip occurs. 

With the increase of tangential force, when the tangential force reached 4300 N, bolt 1 with 8000 N began to slip locally. It could be 
clearly seen from Fig. 9a that the distribution of normal and shear stress was not uniform, and the friction stress was generated along 
the direction perpendicular to the tension, in which some of the bolt preload was decomposed to overcome the tangential stress. When 
the tangential force reached 4920 N, bolt 2 with 10000 N began to slip, which was earlier than the bolt group with uniform 10000 N 
preload (5100 N). Because bolt 1 with 7000 N had slipped and cannot bear more tangential force, part of the tangential force was 
transferred to bolt 2 with 10000 N and bolt 3 with 12000 N. In short, excess torque needs to be borne. At this time, bolt 3 with 12000 N 
had a small amount of slip, and it could bear greater tangential force. When the tangential force reached 5699 N, slip occurred in bolt 3 
with 12000 N, and the whol bolt group cannot bear larger tangential force and slipped macroscopically. (regardless of the bolt rod 
against the hole). 

As shown from the loading curve in Fig. 9b, there was a significant deviation between the model with uniform and non-uniform 
preload, especially the point where globally slip occurred and the final deformation, which was actually attributed to the joint 
interaction in Stage I and Stage II mentioned in section 2.2. 

What is noteworthy is that the bolt with the lowest preload may not be the first to slip, and the effects of the adjacent bolts torque 
and other boundary conditions need to be considered (mentioned in the analysis of Section 2.1). Therefore, although the stick and 
micro-slip stage only account for a small part of the whole slip process, its development determines the final state of the bolt group, 
which will have a significant impact on the overall performance of the bolt group. All these results from the spatial dispersion of the 
preload during the initial assembly. 

5 preload configurations and 15 arrangements of the three-bolt model were considered, and the results are shown in Figs. 10 and 
11. Fig. 10a-d showed the loading curves obtained in the simulation model and the theoretical calculation for three different con-
figurations 9000-10000-11000, 7000-10000-13000, and 8000-10000-12000 respectively, in which the theoretical curves were ob-
tained from Eqs. 7–10. Fig. 11 shows the Se for all 15 arrangements. In Fig. 10a-d, with the increase of the tangential force, the bolt 
group gradually transitioned from stage I to stage III. And the higher the dispersion, the lower the stiffness of the bolt group, especially 
in stage II and stage III; the simulation results were in good agreement with the theoretical calculation. 

Fig. 9. (a) Normal and tangential stress distribution of contact surface when bolt 1 slips. (b) Comparison of loading curves of models with uniform 
and non-uniform preloads. 
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Fig. 10. (a) Loading curves of the three-bolt model with three different preload configurations. (b) comparison of the simulation and theoretical 
calculation of the preload 9000-10000-11000 N. (c) comparison of the simulation and theoretical calculation of the preload 7000-10000-13000 N. 
(d) comparison of the simulation and theoretical calculation of the preload 8000-10000-12000 N. 

Fig. 11. Simulation results of energy dissipation of 15 preload arrangements.  
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It can be seen from Fig. 11 that the deviation and arrangement of the preload have a great influence on the energy dissipation 
capacity of the bolt group. Energy dissipation increases with the variance of the preoload, implying that bolt group with poor uni-
formity preoloads is more likely to slip, resulting in larger energy dissipation. For bolt groups with the same configuration, i.e. the same 
variance, different arrangements will lead to differences in energy dissipation. As the variance increases, these differences are 
magnified, and energy dissipation fluctuates in a wider range, until the failure mode of models 12 and 15 with the permanent slip. The 
permanent slip means a change in the centroid of the bolt group hysteresis curve. This implys that the position of the preload value in 
one configuration will also affect the hysteresis behavior of the bolt group. 

It is not difficult to imagine that the spatial arrangement of the bolts (for the actual assembly process, the spatial dispersion of the 
preload) has a significant impact on the performance of the bolt group. In order to achieve accurate prediction of the bolt group 
performance with large preload dispersion, it is necessary to study the influence of preload spatial dispersion on performance, and the 
preload dispersion also needs to be expressed spatially. 

3. PCOM 

From the analysis in Section 2, the bolt group is subject to the hysteresis of the joints during tangential loading, and there are 
complex interactions and restrictions among the joints due to the structure configuration and the preload value, which further in-
creases the complexity of the performance prediction of the bolted joints. Therefore, the PCOM (Preload Co-Occurrence Matrix) was 
established based on the concept of co-occurrence matrix [30,31], which was used to model the relationship between the preload and 
the performance, skipping the coupled effects of complex mechanical analysis and nonlinear hysteresis behavior. The basic idea is to 
matrix the preload distribution of the bolted joints and extract the features related to the spatial distribution, which are expected to 
have strong robustness to the hysteresis of the bolt group. 

3.1. Construction of PCOM 

The preload co-occurrence matrix is essentially a tool used to describe the spatially inhomogeneous characteristics among the 
interrelated elements within a set, and aims to describe the spatial distribution and interdependence of the preload using the con-
ditional probability distribution of the preload. The construction of PCOM is shown in Fig. 12. A preload-scale distribution in matrix 
form is first discretized into an integer matrix by dividing the continuous preload value range into n equal width bins, called preload 
levels, and values in a bin get mapped to a single preload level (Fig. 12a and b). The elements of PCOM are calculated based on this 
discretized bolt group by counting how often pairs of bolts with specific preload levels and in a specified spatial relationship occur in 
the matrix (Fig. 12c). The generic element of this matrix is noted p(i,j). The p(i, j) of PCOM can be defined in two different distances: 1- 
unit and 2-unit length (Fig. 12d). For illustration, 1-unit length (the preload pairs of the adjacent bolts) is selected in Fig. 12c–f. Based 
on the value of preloads and p(i, j), PCOM indices can be computed (Fig. 12f). 

14 PCOM indices have been initially selected, and their meanings and formulas are presented in Table 1. It is worth noting that 
there are two preload co-occurrence matrices for the bolt group with different spacings (1-unit length and 2-unit length), so in the 
calculation, contrast of PCOM for 1-unit length is denoted by Con1 and Con2 for 2-unit length. 

Fig. 12. Illustration of computing PCOM indices for the 3-bolt model.  
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3.2. Energy dissipation prediction by SVM 

14 PCOM indices can be obtained from Table 1, but the hysteresis behavior is not particularly sensitive to all features. Therefore, 
based on GCA (grey correlation analysis), all features were scored to select the most sensitive features to hysteresis performance. 
Finally, the prediction of the hysteresis performance at different preload levels was carried out based on SVM (Support Vector Ma-
chine) regression model.  

➢ GCA(Grey Correlation Analysis) 

The GCA can measure the sensitivity of the hysteresis to different features by relevancy degree. Firstly the reference array (research 
object) and the comparison array (sensitive feature) should be determined when conducting GCA. And then the degree and the order of 
the relevancy were obtained by mathematical matrix operations. The relevancy coefficient has a certain influence on the relevancy 
degree calculation. The relevancy coefficient is given by 

ζi(k) =
[mini mink|Xi(k) − Xo(k)| + ρ maxi maxk|Xi(k) − Xo(k)|]

[|Xi(k) − Xo(k)| + ρ maxi maxk|Xi(k) − Xo(k)|]
(11)  

When Xo = {Xo(k)， k= 1, 2, · · ·,m} is the reference array and Xi = {Xi(k), k= 1,2, · · ·,m; i= 1, 2, · · ·, n} is the comparison array. ρ is 
the resolution coefficient from 0 to 1, and 0.008 in this work. The relevancy degree can be calculated by 

λi =
1
n

∑n

1
ζi(k) i = 1, 2, · · ·, n (12) 

In this paper, the reference array was considered to be highly related to the comparison array when the relevancy degree λ is greater 
than 0.9. 

In order to obtain data on the hysteresis performance of the bolt group under tangential loading, three groups of simulations were 
carried out, and the 3D model is shown in Fig. 8. The specific settings in simulation are shown in Table 2. The displacement of the 
loading end was extracted after the simulation and formed the hysteresis curve shown in Fig. 7 combined with the sinusoidal force. 
Finally, the energy dissipation Se of each simulation could be obtained. 

The Se obtained by each group of simulations was set as the reference array, and 14 indices (n = 14) calculated by the formula in 
Table 1 were set as the comparison array. The relevancy degree between the indices and Se of the three groups of simulations is shown 
in Figs. 13–15 according to Eq. 11 and 12. 

From Figs. 13–15, it can be found that most of the indices are highly related to Se (λ ≥ 0.9), which means that the hysteresis 

Table 1 
Selected PCOM indices.  

Indices Description Formula 

Contrast: 
Con1, Con2 

Measeures the drastic change in preload level between bolt joints. High contrast value features large scatter. Con =
∑

i

∑

j
(i − j)2P(i, j)

Correlation: Cor1, 
Cor2 

Measeures the linear dependency in the preload matrix. High correlation values imply a linear relationship 
and more uniform spatial distribution between the preload levels of the adjacent bolt joints. Cor =

∑

i

∑

j
(i − μ)(j − μ)p(i, j)

σ2 

Dissimilarity: 
Dis1 , Dis2 

Similar to contrast. Instead of weighting the elements exponentially, dissimilarity increases linearly. Dis =
∑

i

∑

j
|i − j| ·P(i, j)

Homogeneity: 
Hom 1, Hom 2 

Measeures preload distribution homogeneity, representing the similarity in a preload level between 
adjacent joints. 

Hom =

∑

i

∑

j

1
1 + (i − j)2 ·P(i, j)

Mean: 
μx1, μx2 
μy1, μy2 

Measeures the average of preload level in the bolt group. μx =
∑

i

∑

j
i ·P(i, j)

μy =
∑

i

∑

j
j ·P(i, j)

Variance: 
Var1, Var2 

A measure of heterogeneity, variance increases when the preload values differ from the mean. Var =
∑

i

∑

j
(i − μ)2P(i, j)

Note: p(i, j) is the entry (i, j) in the PCOM, μ is the PCOM mean, and σ2 is the PCOM variance.  

Table 2 
Simulation setting.  

Group Ft/N Preload distribution interval/N Sum of preload Frictional coefficient Data amount 

1 3600 [6000, 12000] Not limit 0.1 80 
2 4000 [6000, 14000] 27000 0.1 50 
3 12000 [12000, 36000] 72000 0.1 50  
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behavior of the bolt group is closely associated with the spatial distribution of the preload. In general, Mean, Variance and Dissimilarity 
were the indices with the highest relevancy degree with Se. These indices focused on the sharp change in preload of neighboring bolts, 
describing the local aggregation degree of the preload distribution. In practice, the level of Contrast/Dissimilarity increased rapidly 
when the preload of adjacent bolts changed sharply. The homogeneity measured the similarity of two neighboring preloads, which 
reflected the clustering of PCOM elements along the diagonal, and therefore yielded a higher value if two neighboring bolts had similar 

Fig. 13. Relevancy degree calculation of Group 1 simulation.  

Fig. 14. Relevancy degree calculation of Group 2 simulation.  

Fig. 15. Relevancy degree calculation of Group 3 simulation.  
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preloads. However, no matter in which group, Hom showed a lower relevancy degree, which meant that the similarity of the preload of 
the adjacent joints has a less effect on the hysteresis behavior of the bolt group than others. In conclusion, the hysteresis behavior of the 
bolt group displayed greater sensitivity to the features describing the degree of aggregation component of the preload distribution.  

➢ Energy dissipation prediction by SVM 

Once the assembly process is completed, the PCOM will be generated, and the parameters extracted from PCOM will affect the 
mechanical response of the bolt group during loading. Inspired by this idea, the SVM (support vector machine) regression model was 
adopted to capture this nonlinear connection and predict Se of the bolt group. After GCA was performed on the 14 features in Table 1 
and the simulation results, the features with λ ≤ 0.9 were removed. The SVM regression model (five-fold cross validation, the linear 
kernel function) was used to predict the Se of the bolt group combined with the simulation data. The results were shown in Fig. 16, in 
which a-c were the regression prediction results of the Group 1–3 of the simulation models respectively. As can be seen from Fig. 16, 
the connection between the simulation results and the indices extracted from PCOM could be easily established by the SVM algorithm, 
and the average error was about 1%. All these analysis had proved that the level and the spatial distribution of the preload were 
directly related to the performance of the bolt group. 

4. Experimental validation 

4.1. Experimental setup 

In order to verify the validity of the proposed method of hysteresis performance prediction for the multi-bolt model with non- 
uniform preload, the fatigue tester (Fig. 17) was used to measure the force-displacement curve of the bolt group. The intelligent 
bolt preload testing system [32] developed by our research team is adopted to calibrate and measure the bolt preload, so as to realize 
the precise control of the bolt preload during the experiment. 

4.2. Experimental results 

The indices of PCOM in the experiment were extracted by the program written according to the construction principle of the PCOM 
and then the method mentioned in section 3.2 was applied to predict the energy dissipation of the corresponding hysteresis curve. The 
prediction results are shown in Fig. 18 and some experimental test results are shown in Table 3. 

As shown in Fig. 18, it is found that there is a good correlation between the experimental results and the prediction, and the 
prediction error of most samples is within 10%. The reasons for the dispersion of the prediction error is speculated to be as follows: (1) 
the error of the intelligent bolt preload testing system, which has been calibrated by the force sensor and the error of the preload test is 
about 3%; (2) machining error of the sample and the bolts, the deviation of the dimension would cause the coefficient conversion error 
in the calculation of the preload test system, which lead to a certain degree error of preload measurement; (3) Force-displacement 
measurement error, the measurement error of the fatigue tester will also cause inaccurate results; (4) Friction coefficient disper-
sion, because of the same lap joint used in the experiment, there existed a limited friction coefficient error. 

In conclusion, the method based on the PCOM proposed in this paper successfully captured the dynamic hysteresis behavior 
characteristics of the bolt group with non-uniform preload, and successfully predicted the energy dissipation. These demonstrate the 
potential of using the PCOM to characterize the hysteresis characteristics of the bolt group and the applicability of the methodology 
used in other fields. 

Fig. 16. Prediction results of energy dissipation of (a) group 1, (b) group 2 and (c) group 3 based on SVM algorithm and PCOM indices in 
FEM analysis. 
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5. Conclusions 

This paper presents a new methodology for predicting the hysteresis characteristics of the bolt group with non-uniform preload. 
Through the mechanical analysis and the simulation verification, it was found that the spatial distribution of the preload had an 
important influence on the hysteresis performance of the bolt group. In general, the bolt group with poorer preload uniformity tend to 
have lower tangential stiffness and larger displacements, resulting in greater energy dissipation. In order to skip the complex me-
chanical analysis and simplify the prediction process of the bolt group performance, the PCOM considering the spatial distribution of 

Fig. 17. Specimen clamping and the preload testing system.  

Fig. 18. Feature selection and prediction. (a) GCA analysis in the experiment. (b) Energy dissipation prediction of the experiment.  

Table 3 
Some of experimental results and prediction.  

Num. Fpre1/N Fpre2/N Fpre3/N Ft/N Sum/N Se/J Prediction/J Error (%) 

1 5729 2686 3920 6000 12335 16.957 16.437 − 3.07 
2 5491 2656 3711 6000 11858 16.136 15.298 − 5.19 
3 4539 2809 4397 6000 11745 15.428 14.971 − 2.96 
4 2737 5011 3831 6000 11579 13.949 14.031 0.59 
5 4097 4032 3592 6000 11721 11.901 12.020 0.99  
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the preload was constructed. The features extracted from PCOM were proved by GCA to be closely related to the hysteresis behavior. 
Finally, the SVM regression model was adopted to predict the energy dissipation successfully. This methodology was confirmed by the 
simulation and the experiment. 
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