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With the help of 3D modeling software and finite element analysis software, the force distribution of four rows of bolts in the
aircraft fitting joint is obtained in this paper. In 3D modeling software, the solid model is segmented according to the area and
height of the center of gravity of the cross-section. In finite element analysis software, the beam elements are used to replace the
segmented model to obtain the internal force applied at the end of the segmented model and the stress-strain state of each
segment is calculated according to the internal force applied at the end of each segment. Finally, the force distribution of the
four rows of bolts is obtained according to the average force difference on the center section between the bolt rows. In order to
ensure the validity of this step-by-step calculation result, it was compared with the entire calculation result. It can be concluded
that the force distribution of the two calculations is consistent. Under the working conditions of the fitting joint (130 MPa), the
force distribution coefficients of the four rows of bolts are 0.182, 0.215, 0.197, and 0.12. Therefore, it is feasible to use the step-
by-step method to calculate the force distribution of the four rows of bolts in the fitting joint. Compared with the entire
calculation, the step-by-step calculation has the advantages of less calculation amount and faster calculation speed.

1. Introduction

Fitting joints are widely used in aircraft structures and are
responsible for the interconnection of important compo-
nents, such as the connection between the center wing sec-
tion and outer wing section and the connection between
the horizontal and vertical tail and the fuselage. Once these
fitting joints are damaged, the aircraft will not be able to fly
in the sky and the consequences will be very grievous. There-
fore, the design and analysis of fitting joints are one of the
most important issues in aircraft design. The fitting joints
are usually connected by bolts. For multirow bolted fitting
joints, the force distribution between each row of bolts
directly affects the performance of the fitting joint. A simple
method to calculate the force distribution between each row
of bolts in the fitting joint should be developed to improve
the design efliciency of the fitting joint and guide the selec-
tion and installation of bolts. However, the force transmis-
sion in the fitting joint is very complicated, which is due to

the complicated structure of the fitting joint, so it is difficult
to analyze the performance of the fitting joint. With the
development of numerical methods and the application of
finite element software, it becomes possible to analyze the
entire fitting joint and each component. This article focuses
on the calculation of the force distribution between bolt rows
based on the analysis of the stress-strain state of fitting joint.

Relevant scholars have done a lot of research to analyze
the performance of fitting joints. Vasilevsky et al. [1-3] ana-
lyzed the overall stress-strain state of the fitting joint of the
center wing section by a segmented and simplified method.
Then, the stress-strain state of each component was obtained
according to the overall stress-strain state of the fitting joint.
Wang et al. [4, 5] designed a special joint to withstand radial
loads and checked the strength of the designed wing joint
through entire finite element analysis. The results showed
that the strength of the designed joint can fully meet the test
requirements. Qin et al. [6] carried out failure analysis on a
certain type of aircraft wing-fuselage joint fatigue specimens
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through methods such as fracture macro/micro observation,
metallographic inspection, finite element numerical analysis,
and test implementation inspection. The results show that it
is the load frequency, the asynchrony of the loads, and the
insufficient constraints of the web plate that cause greater
stress at the connecting bolt of the web, leading to the
initiation of fatigue crack and the short fatigue life of the
experimental samples. It provides a good reference for the
redesign of the fitting joint. Zhao and Wei [7] used the elas-
toplastic contact analysis module of MARC, a large-scale
finite element software, to perform nonlinear coupled analy-
sis on the wing-fuselage joints with continuously refining
mesh. Finally, the elastic-plastic contact finite element model
of the butt joint is created, and stress distribution and the
yield condition of the joint are obtained based on the nonlin-
ear finite element method. Wang et al. [8] combined the
standard finite element program with the improved mean
value method to analyze the stiftness reliability of the wing-
fuselage attachment joint of a certain type of aircraft. The
results indicate that at applied load and allowed strain, the
joint structure has higher reliability when coefficient of vari-
ation in applied load is 0.15.

In order to decrease computing time and resources, Liu
and Chen [9] proposed a two-dimensional to three-
dimensional global-local finite element numerical method,
in which both the local zone selection strategy and boundary
constraints applying method are discussed in detail. And
both the contact stress and the stress components around
the fastener hole are analyzed by using the proposed global-
local method. Egan et al. [10] used the nonlinear finite ele-
ment code Abaqus to model single-lap carbon-epoxy joints
with countersunk fasteners and performed a highly detailed
analysis of the stress distribution at the countersink hole
boundary. Ascione [11] presented the first results of a
numerical and experimental investigation on the shear force
distribution in a bolted joint made entirely from FRP mate-
rials and proposed an experimental equipment for investigat-
ing the strains and stress distributions around the holes of the
connection as well as the bearing stresses at the interface
between plate and steel bolt. Xiang et al. [12] developed an
improved spring method considering the hole clearance
and friction effects for efficient modeling of the composite
bolted joint structures. The results show that the proposed
method is time efficient for the load distribution prediction
of the bolted joint composite structures. Konkong and
Phuvoravan [13] studied the influence of geometric variables
on the load distribution of cold-formed steel bolt connec-
tions. The results of the parametric study showed that the
t,/t, ratio controlled the efficiency of the bolt load distribu-
tion more than the other parameters studied.

It can be seen from the above researches that obtaining
the stress-strain state of the fitting joint is an important
way to analyze the performance of the fitting joint. In this
paper, based on Vasilevsky et al.’s and Egan et al.’s research
[1-3, 10], the stress-strain state of the fitting joint of the
outer wing section will be calculated. According to the
stress state of the fitting joint of the outer wing section,
the force distribution between the bolt rows is analyzed in
detail.
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In this article, the fitting joint between the center wing
section and the outer wing section of the aircraft AN-148
[14] will be taken as the analysis object. Figure 1 shows the
center wing section and outer wing section of the aircraft
AN-148. It can be seen that the center wing section and outer
wing section are connected by the fitting joint. The connec-
tion between the center wing section and the outer wing sec-
tion is the fitting joint. The structure of the fitting joint is very
complicated, so the model of the fitting joint of the outer
wing section should be simplified for analysis.

Due to the numerous, complex structures of components
and variable types of such fitting joint, experiment cost is
high and the cycle is long and so cannot meet the
manufacturing requirements. An effective and reasonable
method is to analyze the stress-strain state of the fitting joint
step by step and then analyze the force distribution between
the bolt rows according to the stress state. The detailed execu-
tion steps for calculating the force distribution between bolt
rows are shown in Figure 2.

2. Segment and Simplify 3D Model of
Fitting Joint

The connection between the center wing section and the
outer wing section can be seen as a combination of many
similar structural units. For these similar structural units,
the same method can be used to calculate their stress-strain
state and the force distribution between bolt rows. In this
paper, the single connecting unit in the middle below
between the center wing section and the outer wing section
is taken as the research object for analysis. The fitting joint
structure of a single connection unit is shown in Figure 3.
This structure includes fitting of center wing section (FCWS),
intermediate panel (IP), fitting of outer wing section
(FOWS), stringer of outer wing section (SOWS), lower panel
of outer wing section (LPOWS), hexagon head bolts (M18),
countersunk head bolts (M8 and M6), and countersunk head
rivets (M6), as shown in Figures 3. The equivalent stress of
the gross load at the end of the stringer of outer wing section
is 0,y = 130 MPa. In the total section of the regular area, the
load F on the end section can be obtained by the following
formula:

F= oeq.ssec’ (1)

where S, is the area of the cross-section.

The fitting of center wing section, intermediate panel, fit-
ting of outer wing section, lower panel of outer wing section,
and stringer of outer wing section are all made of D16T alu-
minum alloy. The main parameters of the D16T aluminum
alloy are shown in Table 1. The hexagon head bolts (M18)
and countersunk head bolts (M8 and M6) are all made of
VTé6 titanium alloy. The main parameters of the VT6 tita-
nium alloy are shown in Table 2.

In the three-dimensional model, the cross-sectional
shapes at different positions of the model can be obtained
by transverse cutting. According to the different cross-
sectional shapes, 15 different cross-sections are determined,
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FIGURE 2: The execution steps for calculating the force distribution between bolt rows.

which divide the fitting joint into 15 segments as shown in
Figure 4. These 15 segments reflect the characteristics of the
cross-sectional geometry (changes in cross-sectional shape)
and the structure and force characteristics of the design
model (moment of inertia and position of the center of grav-
ity). In order to simplify each segmented model, each seg-
mented model is regarded as a whole and beam elements
are used to replace it. In Figure 4, (a) shows a schematic dia-
gram of the longitudinal section of the fitting joint, (b) shows
a schematic diagram of the segmented model of the fitting
joint, (c) shows a schematic diagram of the simplified model
of the fitting joint, (d) shows a schematic diagram of the area
of different cross-sections, and (e) shows a schematic dia-
gram of the height of the center of gravity of different
cross-sections.

3. Finite Element Analysis of the Segmented and
Simplified Model

In order to obtain the transmitted force at the two ends of
each segment, the segmented and simplified models of the fit-

ting joint are analyzed using the finite element analysis soft-
ware (Workbench). In the process of establishing the finite
element model, each segmented model is regarded as a whole
and replaced with a finite element BEAM188. The general
finite element model of the fitting joint is created as shown
in Figure 5. The point L, is a fixed constraint, the points
Lecs, Logs> Ly709> and L,y are simply supported constraints
(impose y-axis direction constraints), and the point L,,,
bears a horizontal load F=135200N. In the calculation, a
cross-sectional shape is assigned to each segment, and the
assigned cross-sectional shape is the same as the cross-
sectional shape obtained by transverse cutting at different
positions of the three-dimensional model. When the gross
load is 130 MPa, the calculation results of shear force, bend-
ing moment, displacement, and axial force are shown in
Figures 6-9.

BEAM18S8 is suitable for analyzing slender to moderately
stubby/thick beam structures. The element is based on the
Timoshenko beam theory which includes shear-
deformation effects. The element provides options for unre-
strained warping and restrained warping of cross-sections.
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FIGURE 3: The 3D model of the fitting joint.
TaBLE 1: The main parameters of D16T aluminum alloy.
Density Young’s modulus Tensile ultimate strength Tensile yield strength Poisson’s ratio
2780 (kg/m”) 72 (GPa) 440 (MPa) 300 (MPa) 0.33

TaBLE 2: The main parameters of VT6 titanium alloy.

Density Young’s modulus

Tensile ultimate strength

Tensile yield strength Poisson’s ratio

4450 (kg/m’) 115 (GPa)

1100 (MPa)

835 (MPa) 0.35

The element is a linear, quadratic, or cubic two-node beam
element in 3D. BEAM188 has six or seven degrees of freedom
at each node. These include translations in the x, y, and z
directions and rotations about the x, y, and z directions. A
seventh degree of freedom (warping magnitude) is optional.
This element is well-suited for linear, large rotation, and/or
large strain nonlinear applications.

Therefore, the shear force at each position of the seg-
mented and simplified model can be obtained from
Figure 6 and the end of the 10th segment has a shear force
of -2767.6 N. The bending moment at each position of the
segmented and simplified model can be obtained from
Figure 7 and the end of the 10th segment bears a bending
moment of 129775 N-mm. The displacement of each position
of the segmented and simplified model can be obtained from
Figure 8 and the end of the 10th segment has a displacement
of 1.0257 mm. The axial force at each position of the seg-
mented and simplified model can be obtained from
Figure 9, and the end of the 10th segment bears an axial force
of 135190 N.

4. Finite Element Analysis of the Single Segment

The four-row bolt connection structure is only in the outer
section of the wing, so only the 10th segment model needs

to be selected for analysis. The 10th segment model is com-
posed of fitting of outer wing section, stringer of outer wing
section, lower panel of outer wing section, and countersunk
head bolts (M8 and M6) as shown in the 3D model in
Figure 10. According to the results of finite element analysis
of the segmented and simplified model, the boundary condi-
tions of the fitting joint of outer wing section can be obtained
and then the detailed stress-strain state of the fitting joint of
outer wing section can be calculated using finite element
software (Workbench). The three-dimensional model is
imported into Workbench through the intermediate format
STP, and the finite element model is obtained as shown in
Figure 11.

The finite element model of the local fitting joints should
be constrained by the following boundary conditions accord-
ing to the actual working conditions and the overall stress-
strain state results (Figures 6-9) of the fitting joint.

(1) The bolts are also subjected to axial pretightening
force, the pretightening force of the M8 bolt is
12400N, and the pretightening force of the M6 bolt
is 6750 N

(2) The contacts between all the bolts and fitting of cen-
ter wing section, intermediate panel, fitting of outer
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FIGURE 4: The segmentation and simplification of the model of the fitting joint. (a) The longitudinal section of the fitting joint; (b) the position
of different cross-sections; (c) the segmented models of the fitting joint; (d) The area of different cross-sections; (e) the height of the center of

gravity of different cross-sections.
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FIGURE 6: Shear force diagram when the gross load is 130 MPa.

wing section, stringer of outer wing section, and
lower panel of outer wing section are frictionless.
The contacts between all the nuts and fitting of center
wing section, fitting of outer wing section, and
stringer of outer wing section are frictional with fric-
tion coefficient of 0.3 (determined according to the
technological requirements of aircraft AN148)

(3) The contacts between the fitting of center wing sec-
tion, fitting of outer wing section, stringer of outer
wing section, and lower panel of outer wing section
are frictional contact, and the friction coeflicient is 0.3

(4) The constraints of the cutting surfaces on both sides
of the model of overall fitting joints are frictionless.
The constraint of the rear-end cutting surface of the
model of the overall fitting joint is fixed

(5) The end of the 10th segment has a shear force of
-2767.6 N, a bending moment of 259550 N-mm, and
an axial force of 135190 N. The shear force here is
caused by the different positions of the center of grav-
ity of the segments of the fitting joint, and partial
bending occurs due to eccentricity during load
transmission

The stress state of the outer wing segment in the 10th seg-

ment model is shown in Figure 12. It also shows the average
normal stress of the center section between each bolt row.

As shown in Figure 12, the a-a, b-b, c-¢, d-d, and e-e sec-

tions are obtained by cutting the fitting of outer wing section
in the 10th segment. The average stress on the a-a section is
44.647 MPa, the average stress on the b-b section is
43206 MPa, the average stress on the c-c section is
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FIGURE 8: Displacement diagram when the gross load is 130 MPa.

34.117 MPa, the average stress on the d-d section is
25.0226 MPa, and the average stress on the e-e section is
19.556 MPa.

5. Finite Flement Analysis of the Entire
Fitting Joint

When calculating the stress-strain state of the fitting joint,
the 3D model of the entire assembly joint is directly imported
into Workbench for calculation without the need to simplify
the model. Then, meshing and boundary condition settings
are performed in Workbench and the finite element model
of the fitting joint is obtained. The three-dimensional model
of the fitting joint is shown in Figure 3. The finite element
model of the fitting joint is shown in Figure 13. It also shows
some finite element models of bolts and bolt holes.

The finite element model of the fitting joints should be
constrained by the following boundary conditions according
to the actual working conditions:

(1) The bolts are also subjected to axial pretightening
force, the pretightening force of the MI18 bolt is
66000 N, the pretightening force of the M8 bolt is
12400 N, and the pretightening force of the M6 bolt
is 6750N

(2) The contacts between all the bolts and fitting of cen-
ter wing section, intermediate panel, fitting of outer
wing section, stringer of outer wing section, and
lower panel of outer wing section are frictionless.
The contacts between all the nuts and fitting of center
wing section, fitting of outer wing section, and
stringer of outer wing section are frictional with fric-

tion coeflicient of 0.3 (determined according to the
technological requirements of aircraft AN148)

(3) The contacts between the fitting of center wing sec-
tion, fitting of outer wing section, stringer of outer
wing section, and lower panel of outer wing section
are frictional with friction coefficient of 0.3

(4) The constraints of the cutting surfaces on both sides
of the model of overall fitting joints are frictionless.
The constraint of the rear-end cutting surface of the
model of overall fitting joint is fixed

(5) The end of the stringer of outer wing section has a
force of 135200N

The stress state of the entire fitting joint is shown in
Figure 14. It also shows the average normal stress of the cen-
ter section between each bolt row.

As shown in Figure 14, the a-a, b-b, c-¢, d-d, and e-e sec-
tions are obtained by cutting the fitting of outer wing section
in the 10th segment. The average stress on the a-a section is
45562 MPa, the average stress on the b-b section is
45537 MPa, the average stress on the c-c section is
36.419 MPa, the average stress on the d-d section is
25.986 MPa, and the average stress on the e-e section is
20.499 MPa.

6. Analysis Method of Force Distribution of
Four Rows of Bolts

The installation positions of the four rows of bolts in the fit-
ting joint of outer wing section are shown in Figure 15. Each
row of bolts contains two M6 bolts and two M8 bolts. M6 and
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FIGURE 10: The 3D model of the 10th segment model.

FIGURE 11: The finite element model of the 10th segment model.

MS8 bolts are used to install and fix fitting of outer wing sec-
tion, stringer of outer wing section, and lower panel of outer
wing section. It can be seen that the four rows of bolts are
very important to the connection and installation of the fit-
ting joint of outer wing section, so it is necessary to analyze

the force distribution of the four rows of bolts to ensure the
rationality of the structure. Since the fitting joint structure
is symmetrical, the force distribution of the four rows of bolts
can be obtained by analyzing only one side. The single-sided
connection structure of four rows of bolts is shown in
Figure 15.

In order to solve this task, a numerical method described
in the article [1] is used for reference in this paper. This
method obtains the force distribution between the bolt rows
based on the average normal stress in the regular section
between the bolt rows. The normal stress in the regular sec-
tion between the bolt rows is derived from the stress-strain
state of components in the fitting of outer wing section.
The force of a single bolt row is equal to the force difference
between the cross-sections on both sides. The advantage of
this method is that it takes into account the interaction
between the bolt rows and the characteristics between the
joint components. It should be pointed out that in the analy-
sis of the model, the averaged stress of the node is set in the
Workbench, so it is feasible to use the average stress value
of the regular cross-section multiplied by the cross-
sectional area to obtain the force on the cross-section.

In the connection structure of four rows of bolt, the
stringer of outer wing section and the lower panel of outer
wing section produce a shear force on bolts under the effect
of pulling force and the bolts produce pressure on the fitting
of outer wing section after loading. Considering the bolts and
the fitting of outer wing section as a whole, the force on the
bolts is equivalent to the force on the fitting of outer wing sec-
tion. In this way, it is only necessary to analyze the effect of
the fitting of outer wing section on the bolts, and the force
distribution of the bolts can be obtained. Therefore, the force
of each row of bolts is calculated as follows:

Force of the first row of bolts: P, = F, , — F, ;.

Force of the second row of bolts: P, = F | — F__..

Force of the third row of bolts: Py = F_ . — F4 4.

Force of the fourth row of bolts: P, = Fy 4 — F,_.

F, , is the average force on the cross-section a-a; F , is
the average force on the cross-section b-b; F_ _ is the average
force on the cross-section c-c; Fy 4 is the average force on the
cross-section d-d.

Each bolt row is composed of two M8 bolts and two M6
bolts in the connection structure of four rows of bolts. Due to
the different diameters and working positions of the M8 and
M6 bolts, the forces distributed on the M8 and M6 bolts are
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FI1GURE 12: The stress state of the outer wing segment in the 10th segment model.

F1GURE 13: The finite element model of the fitting joint.

different. The force between the bolts is distributed propor-
tionally according to the working area of the bolt which is
as follows:
Force of M8 bolts in the i™ row: Pg; = (Sg;/(Ss; + Sg;)) X Ps.
Force of M6 bolts in the ™ row: P,; = (S;/(Sg; + Sg;)) X P,
i=1,2,3,4; S is the working area of M6 bolts in the ith
row; Sg; is the working area of M8 bolts in the i row.

7. Result and Discussion

The area and average normal stress of each cross-section are
shown in Table 3. The area of each cross-section is obtained
from the three-dimensional model. The average normal
stress 1 is obtained from the result of the step-by-step calcu-
lation (Figure 12). The average normal stress 2 is obtained
from the result of the entire calculation (Figure 14). The aver-
age force on each cross-section can be calculated by formula
(1). Therefore, the force distribution between each bolt row is
shown in Figure 16. The 1-all curve is the force distribution
between the bolt rows obtained by step-by-step calculation,

the 2-all curve is the force distribution between the bolt rows
obtained by entire calculation, the 1-M8 curve is the force
distribution between M8 bolts obtained by step-by-step cal-
culation, the 2-M8 curve is the force distribution between
MS8 bolts obtained by entire calculation, the 1-M6 curve is
the force distribution between M6 bolts obtained by step-
by-step calculation, and the 2-M6 curve is the force distribu-
tion between M6 bolts obtained by entire calculation.

According to the results of the force of a single row of
bolts and M8 or M6 bolts in a four-row bolt connection
structure, the force distribution coeflicient R between the bolt
row and M8 or M6 bolts can be calculated as follows:

Force distribution coeflicient between bolt rows: R; = P,/
F,.

The force distribution coefficient of M8 bolts: Rg; = Pg;/F,,.

The force distribution coefficient of M6 bolts: R; = P,/ F,,.

i=1,2,3,4; F, is the axial force at the end of the 10th
segment.

The calculation results of the force distribution coefhi-
cient of the bolt rows and the force distribution coefficient



International Journal of Aerospace Engineering 9

Type: Equivalent (von-Mises) Stress y a-al

Unit: MPa

Average stress: 45.562 MPa

b-b

Average stress: 45.537 MPa

C-C

Average stress: 36.419 MPa

Average stress: 20.499 MPa

50.00 100.00 (mm)

25.00 75.00

FIGURE 14: The stress state of the fitting of outer wing section.
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FIGURE 15: The single-sided connection structure of four rows of bolts.

TaBLE 3: The area and average normal stress of cross-sections.

Cross-section a-a b-b c-c d-d e-e
Area (mmz) 2661.43 2181 1877 1573 1250
Average normal stress 1 (MPa) 44.647 43.206 35.117 25.026 19.556
Average normal stress 2 (MPa) 45.562 45,531 36.419 25.986 20.499

of a single bolt are shown in Figure 17. The curves of M8 and tribution coefficient of M8 bolts, and the force distribution

M6 are the force distribution coefficient between bolt rows,
and the force distribution coefficients between the bolt rows
are 0.182,0.21,0.197, and 0.12. The M8 curve is the force dis-

coeflicients between the M8 bolts are 0.141, 0.155, 0.136,
and 0.075. The M6 curve is the force distribution coefficient
of M6 bolts, and the force distribution coefficients between
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the M6 bolts are 0.041, 0.055, 0.061, and 0.045. It can be seen
from Figures 16 and 17 that the force between the four rows
of bolts is uneven, which is caused by the different areas and
positions of the bolts. The sum of the force coeflicients of the
four rows of bolts is less than 1; this is because part of the
force is affected by the structure during transmission, which
is used to generate shear and bending moments.

8. Conclusion

(1) In a four-row bolted fitting joint, the force distribu-
tion coefficients between the bolt rows are 0.182,
0.21, 0.197, and 0.12. The force of the four rows of
bolts is uneven, which is caused by the different areas
and positions of the bolts. The second row of bolts
has the most force, and the force distribution coeffi-
cient is 0.21, of which M8 bolts have the most force
and the corresponding force distribution coefficient
of a single M8 bolt is 0.155. The fourth row of bolts
receives the least force, and the corresponding force
distribution coefficient is 0.12. In the design process
of the fitting joint, the structure can be further opti-
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mized according to the force distribution of the bolts
to increase the service life of the fitting joint

(2) A new method for calculating the force distribution
between bolts in aircraft fitting joint is developed in
this paper. The force distribution between the bolt
rows is calculated on the basis of the stress state of
the aircraft fitting joint. The step-by-step calculation
method is used to calculate the stress-strain state of
the fitting joint. Compared with the entire calcula-
tion, the step-by-step calculation has the advantages
of less calculation amount and faster calculation
speed
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