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Abstract

The effects of parameters on the stress distribution around the plate hole of a bolted joint having clearance fitting were investigated in
this work. The main purpose is to reveal the interaction mechanism of different parameters and stress around a hole by theory and simula-
tion analysis. Primarily, elastic theory was employed to derive the equilibrium equation of stress of the bolted joint plate. Subsequently,
the effects of parameters, such as the bolt-hole clearance, the degree of bolt misalignment, and the pre-tightening force, on the stress
around the plate hole of a bolted joint were analyzed qualitatively. Thereafter, a parametric model of single-lapped and single-bolted joint
plate was created and analyzed through ABAQUS and a Python program. Finally, the effects of bolt-hole clearance, bolt misalignment,
and pre-tightening force on the stress distribution around the hole were examined by case studies. Results corroborates that these parame-
ters influence the stress magnitude around the hole and that the stress magnitude varies nonlinearly with the change in parameters. This

work provides a good reference for the dynamic design of bolted joint plates.
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1. Introduction

Hole is one of the main potential positions of stress concen-
tration in bolted joint structures. Cracks are commonly initi-
ated near the bolt-hole zone of many structures due to the
action of external force. If the bolted joint structure is not de-
signed properly, then the crack will propagate, fracture, and
cause great economic loss. Given that bolts are widely used in
the mechanical and aerospace fields, reliability is an important
concern in the aircraft design [1-3]. Many airplane crashes
over the past few decades were caused by bolted joint failure
[4-6]. Therefore, analysis on the magnitude of stress around a
hole and its bolted structure distribution has become and will
continue to be a popular issue.

During the operation of dynamic machines, bolted joint
structures might be subjected to dynamic force, which allows
many factors to control the stress around the bolt-hole [7-18].
Factors include the materials used in a bolted joint structure,
the diameter and shape of bolts and their fitting hole, the di-
mension of the structure, and the variation of the pre-
tightening forces. All these factors have impacts on stress
magnitude and its distribution. Thus, numerous studies have
been conducted on the stress around a bolt hole over the past
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few decades. Lawlor et al. examined the stress distribution,
quasi-static strength, failure modes, and fatigue life of a dou-
ble-lapped and multi-bolted joints with different bolt-hole
clearances [19]. They affirmed that the effects of bolt-hole
clearance on load distribution, failure initiation load and fa-
tigue life are significant. However, it does not affect the ulti-
mate quasi static strength. McCarthy et al. developed a three-
dimensional finite element model to study the effects of bolt-
hole clearance on the mechanical behavior of a single-bolted
and single-lapped joint [20]. They studied the effects of bolt-
hole clearance on joint stiffness, stress state, and failure initia-
tion. In addition, McCarthy et al. proposed a simplified
method for investigating the effects of bolt-hole clearance on
load distribution in a composite multi bolted joints [21]. Sub-
sequently, bothe single-lapped and double-lapped bolted joints
were used to validate three-dimensional finite element models
with different bolt-hole clearances, and the effects of various
joint parameters on load distribution were examined using this
method in a case study. Gray and McCarthy provided a highly
efficient modelling approach for bolted joints [22]. Shell ele-
ments were used to model the composite laminates, and the
bolt was replaced by a combination of beam elements coupled
with rigid contact surfaces in the strategy [23]. This method
was used to study the effects of bolt-hole clearance, friction
coefficient, and clamping force on the secondary and tertiary
bending in the laminates and the load distribution in multi-
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bolted joints. Thereafter, they proposed an analytical method
for modelling the load distribution in multi-bolt joints, and this
model is a closed form extension of a spring-based method. A
highly-detailed analysis of the stress distribution at the coun-
tersunk hole boundary was provided by Egan et al. [24]. They
studied the clearance levels, modelled the bolt-hole clearance
extensively, and validated the finite element model with ex-
perimental data. They recorded an associated loss in joint
stiffness for the highest clearance. Subsequently, Egan et al.
studied the mechanical performance of a joint plate with a
single countersunk fastener experimentally and numerically
[25]. They found the explicit dynamics method interesting due
to its robust contact modelling. Gray et al. investigated prob-
lems related to the design of mechanically fastened joints in
aircraft fuselage structures via experiment [26]. The effects of
joint thickness, the positioning of the plies, and the secondary
bending on the joint stiffness and strength were examined. A
three-dimensional finite element composites composite dam-
age model was proposed by Zhou et al. [27]. This model was
applied to a problem involving highly complex, three-
dimensional loadings, such as single-lapped, multi-bolted, and
composite joint having variable clearances. Zhai et al. studied
the effects of bolt-hole clearance and bolt clamping force on a
single-lapped and single-bolted joint plate via an experimental
method [28]. The bearing strength and the joint stiffness were
obtained, and the effects of bolt-hole clearance and pre-
tightening force on bearing response were also evaluated by
varying multiple parameters. Two 3D finite element models
were developed, and several tensile tests for the single-lapped
bolted joint between the composite laminate and the steel with
a countersunk fastener were performed by Liu et al. [29].
They showed contended that the elastic loading responses
predicted by both models were consistent with the experimen-
tal results. Esmaeili et al. studied the effects of clamping force
on the fatigue strength of double-lap bolted joints made of
2024-T3 aluminum alloy [30]. Three sets of specimens were
prepared, and fatigue tests were carried out under various cy-
clic axial load levels. The effects of bolt pre-tightening force
on the fatigue life of double-lapped bolted joints were studied
using a numerical method. Results confirmed that the esti-
mated fatigue life was consistent with the measured fatigue
life. Zhan et al. analyzed the effects of various factors on the
bolted joints used in aircraft fuselage [31]. In their study, the
coupled elastic plastic constitutive and fatigue damage evolu-
tion equations were derived. Esmaeili et al. investigated the
effects of clamping force on the fatigue life of bolted plates
[32]. The available S-N curve and the notch strength reduction
factor obtained from the volumetric method were employed to
predict the fatigue life. Their investigation showed validated
that the fatigue life of bolted plates improved because of the
compressive stresses created around the plate hole due to
clamping force. Chakherlou et al. studied the effects of bolt
clamping force on the stress intensity and fracture strength of
a plate containing a central hole with fatigue-propagated edge
cracks [33]. Their results indicated asserted that the bolt

clamping force has a significant impact on reducing the stress
intensity factor and the joint fracture strength. Atas et al. pre-
sented the stress state around the hole of double-lapped and
single-bolted joints under an initial clamping force [34]. They
claimed that clamping force has a significant effect on com-
posite and aluminum plates. The singular stresses arising in
the neighborhood of contact surfaces in a bolted joint plate
with clamping force were analyzed by Whitney et al. [35].
They proved that the characteristics of the stress singularity of
the titanium bolt-head and the carbon fiber composite plate are
similar to those of a crack in terms of the power of singularity
and the uniqueness of the singular term. Ju examined the
stress intensity factors of a bolted joint having single and dou-
ble cracks [36]. Friction, bolt-hole clearance, clamping force,
and crack angle were considered in the analysis, which indi-
cated that reasonable changes in clamping force, frictional
coefficient, and clearance did not result in significant changes
in the normalized stress intensity factors. Toussaint et al.
evaluated the mechanical response of cover-plated joints ex-
hibiting various phenomena, such as the contact evolution
between bolts and holes, the elastic-plastic behavior of the
constitutive materials, and the effect of large displacements
[37]. They found deduced that the complexity of stress distri-
bution around the holes depends on the connection configura-
tions. Hu et al. conducted an experimental study of the me-
chanical response of a single-lapped and single-bolted com-
posite interference-fit joints [38]. Their results indicated in-
ferred that the linear phase of the stress-strain behavior is pro-
longed by clamping force, the strain around the hole goes
through a switch from the release of the residual pressure on
the tensile side to the squeezing on the bearing side. Liu et al.
presented an analytical method of composite single-lapped
and multi-bolted joints for load distribution by using an im-
proved three-stage method [39]. The random properties of
tightening force, bolt-hole clearance, material properties, and
geometric parameters were involved in the method. Samaei et
al. studied the effects of clamping force on the fatigue crack
growth rate and the stress intensity factors in a cracked single-
lapped and simple-bolted hybrid joints. A series of fatigue
tests for two different amounts of clamping force in aluminum
alloy was performed to record the fatigue crack growth. Their
results corroborated that a high bolt tightening torque provides
improved fatigue crack growth life for both types of joints
[40]. Liu and Lin investigated the effects of bolt misalignment
on the stress distribution around the plate hole by simulation
[41]. They affirmed that the stress concentration zone is not
affected by bolt misalignment, but the peak value of the stress
around the hole is related to the degree of bolt misalignment.
Although many studies have been conducted on the effects
of the fitting clearance parameters on the characteristics of
bolted joint, the effects of the mechanisms of fitting clearance
parameters on the properties of the bolted joint remain unclear.
To date, most studies were carried out by theoretical analysis,
simulation calculation, and experiment. Few works have been
carried out about the effects of multiple parameters on the
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stress around the bolt-hole and the stress magnitude and con-
centration position. Again, the stress around a hole is difficult
to measure not only due to the tiny space between the hole and
the bolt shank, but also because many uncertainty parameters
must be considered in the test. Therefore, the effects of multi-
ple parameters on the stress around the bolt-hole must be ex-
amined to improve the reliability of bolted joints.

In the present work, a single-lapped and single-bolted joint
plate was used as the study object. The analytical model of
stress around the hole of the bolted joint plate was set up first
based on elastic mechanics theory. The effects of the parame-
ters on the stress around the hole were discussed qualitatively.
Subsequently, a parametric finite element model of the single-
bolted and single-lapped joint plate was developed using
ABAQUS and a Python program. The effects of multi-
parameters on the stress around the bolt-hole, both magnitude
and distribution, were discussed quantitatively in the end.

2. Theoretical analysis

In this study, a single-lapped and single-bolted joint plate
was considered. Fig. 1 depicts that it consists of two thin
plates, a bolt, and a nut. One end of plate 1 was assumed fixed,
while one end of plate 2 was subjected to a transverse external
force. The lengths of plates 1 and 2 are L, and L,, respectively.
The thickness of the two plates is ¢ and their width is . The
diameter of the bolt hole in the two plates is D. The distance
from the center of the bolt hole to the end of the plate is e. The
two plates were assumed to be joined by the bolt with fitting
clearance.

Using plate 1 as the study object, a coordinate system
(Oxyz) was set up as shown in Fig. 2. The interface between
the bolt head and plate 1 is denoted as Q,. The interface be-
tween plates 1 and 2 is denoted as £2,. The contact pressure
stress between interfaces caused by pre-tightening force Fj is
described as o, (x, y, z). The shearing stresses between inter-
faces caused by external force F are described as 7, (x, y, 2).
The coefficients of friction between the two interfaces are
defined as p.

The pressure stress between interface £, is represented by g,
(x, v, 0), and the shearing stress is denoted by 7, (x, y, 0). The
pressure stress between interface €, is represented by o, (x, ,
h), and the shearing force is expressed as 7, (x, y, /). Accord-
ing to the equilibrium condition of forces acting on plate 1,
they must meet

# o,(x,y,0)dxdy
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Fig. 1. Geometry model of a single-lapped and single-bolted joint
plate.
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Fig. 2. Stress analysis of plate 1.

For the prevention of sliding in the interfaces of the bolt
head and plate 1, plates 1 and 2, and the nut and plate 2, the
frictional force of the interfaces must be larger than external
force F. Thus,

uF,>F . G)

We assumed that o, 0,, 0., 7,,, 7, and 7., were used to repre-
sent the components of stress in the bolted joint plate. Consid-
ering pressure forces o, (x, v, 0) and o, (x, y, &) and shearing
forces 7,(x, y, 0) and 7, (x, y, &), the stress equation of bolted
joint plate 1 in the ©, and £2,zones can be derived.

In zone ), the equation is the following:

00,(5y:2) | 07, (41,2) 0t (x,,2)

+ ,1,00=0, (4
o e 5 7,(x,,0) )
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These equations indicate that the stresses around the bolt
hole of the plate are related to o, (x, y, z) and 7, (x, y, z). Pres-
sure force g, (x, y, z) and shear force 7, (x, y, z) in plate 1 do
not only depend on pre-tightening force F,but are also related
to external force F. Furthermore, they are determined by the
surface area of Q, and 2, zones.

Fig. 3 illustrates that the €, zone area depends on the di-
ameters of bolt head D, and bolt hole D. Under the working
condition, the center of the bolt might be misaligned to the
center of the hole. Therefore, the ©Q, zone area also relates to
the degree of misalignment of the bolt to hole ». The ©,zone
area relates to the position of the hole in plates 1 and 2, imply-
ing that the zone area depends not only on the distance be-
tween e and W, but also on the diameter of the bolt hole (D).

Given the impacts of hole diameter D on the distribution of
pressure force o, (x, y, z) and shear force 7, (x, y, z), the multi-
parameters in Egs. (1) and (2) can be found by testing or simu-
lation methods. Given that the surface area of Q, and Q, zones
affects the distribution of pressure and shear stress directly,
and the Q; and ©, zone areas vary with the diameter of bolt

Table 1. Dimension of bolted joint plate.

L, (mm) 150
L, (mm) 150
t (mm) 3
D (mm) 6
e/D 3
w/D 3

Table 2. Material properties of aluminum.

Young’s modulus E (MPa) 7.17x10*
Poisson’s ratio v 0.33
Material density p (kg/m®) 2740
Yield stress o, (MPa) 325
Ultimate stress oy, (MPa) 470

hole D, the effects of bolt hole diameter D on the stress around
the hole is evident. Through solving the above equations, the
stress around the hole of the bolted joint plate can be analyzed
qualitatively.

To clarify the effects of bolt misalignment on the stress
around the hole, Fig. 3 shows that the surface area of Q, and
Q, zones varies with the position of the bolt. The change in
area due to the degree of bolt misalignment plays an important
role in pressure force o, (x, y, z) and shear force 7, (x, y, z).
Therefore, the interaction between the design parameters and
the stress around the hole of a bolted joint plate can be deter-
mined by solving Egs. (4)-(7). However, this is not only diffi-
cult, but it also has many requirements. In this study, a para-
metric finite element model was developed to examine the
effects of multi-parameters on the stress around the plate hole
of a bolted joint and its distribution.

3. Parametric finite element model

3.1 Model description

The dimensions of the bolted joint plate shown in Fig. 1 are
provided in Table 1. The two plates are made of aluminum,
while the bolt and washer are made of steel. The material
properties of aluminum and steel are shown in Tables 2 and 3,
respectively.

Fig. 3 shows that the center (O,) of the top surface of plate 1
is the original point, and Ox is the polar axial. The positive
direction is counterclockwise. Therefore, the position of the
bolt center can be described as (, ) in this system. r is the
offset distance and @ is the position angle of the bolt shank. It
can be used to reflect the degree of bolt misalignment. Any
point in the surface of the bolt hole can be described as (D/2, a,
z). a is the position angle of point of hole surface, and z is the
depth of point of hole surface. Thus, the stress of any point in
the bolt-hole of the bolted joint plate could be described as
(a, z) as D is constant.
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Table 3. Material properties of steel.

Young’s modulus E (MPa) 2.1x10°
Poisson’s ratio v 0.27
Material density p (kg/m®) 7850
Yield stress o, (MPa) 785
Ultimate stress o, (MPa) 980

Plate 1

Plate 1

Hole zone

ct
emp\,

Fig. 4. Finite element model of bolted joint plate.

3.2 Finite element model

An automatically changed calculation model of the single-
lapped and single-bolted joint plate with fitting clearance was
developed using ABAQUS and a Python program. Fig. 4 dis-
plays the finite element model. In this model, hexahedral ele-
ments are used. Given the stress concentration around the hole
due to material discontinuity, the elements near the hole zone
are denser than those of the other zone.

The left end of plate 1 was fully clamped. The bolt and nut
connection was modelled through the Tie method for improv-
ing the calculation efficiency because this study aims to ana-
lyze the stress around the hole both magnitude and stress dis-
tribution. For the investigation of the effects of pre-tightening
force on the stress around the hole, different pre-tightening
forces F{, were applied to the bolted joint to prevent the rela-
tive sliding between plates 1 and 2 when they are subjected to
external force F. The contact surfaces between plates 1 and 2,
the bolt head and plate 1, and the nut and plate 2 were defined
as hard contact, and the penalty coefficient was set to 0.15. A
uniform pressure was applied to the free end of plate 2, that is,
0.1 MPa to represent force F.

3.3 Procedure of stress analysis

During the calculation of the stress around the bolt hole, the
parametric finite element model of a single-lapped and single-
bolted joint plate with different parameters was created auto-
matically using ABAQUS and a Python program. With these
finite element models, the stress around the bolt hole was ana-

Initial finite element
model with
D=6mm, d=6mm

no

yes

Initial Pre-tighten force
Fo=900N

no
If Fo <1900N

Initial position of
bolt (,6)=(0,0)

no

If (,6) <(0.3,180)

Stress analysis of the
FE model

Y

Extract result data
from the database
object model

Y

Change position of bolt
r=r+0.1, 9=6+15°

Increase pre-tighten
force Fo=Fo+100

Increase diameter of
bolt hole D=D+0.1

Find o(a,z) with different
parameters

Fig. 5. Flowchart of stress analysis.

lyzed. Data were extracted from the database object model.
The diameter of bolt shank d was set to 6 mm. The step length
of a was 6°. Fig. 5 shows the flowchart of the stress analysis
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Fig. 6. Stress contour around the hole.

Stressaround hole o/ MPa

Fig. 7. Stress distribution around the plate hole.

around the plate hole of the bolted joint.

4. Results and discussion

4.1 Stress distribution around hole

Fig. 6 examines the stress contour around the hole when
pre-tightening force F, = 1000 N was applied to the bolt. Re-
sults contend that the von-mises stress around the hole be-
tween the bolt head and plate 1 and that between nut and plate
1 is bigger than the stress of other places. The maximum stress
is approximately 22 MPa.

Fig. 7 shows the relation of stress magnitude around the
hole and the depth of the hole. The concentration position of
stress around the hole is mainly distributed at the position of o
= 0°, 90°, 180°, 270°. With the increase of the depth of the
bolt hole, the stress magnitude around the hole decreases.
When the depth of the hole is between 0 mm and 1.5 mm, the
stress magnitude around the bolt-hole decreases linearly with
the depth of the hole. However, as the depth of the hole is
between 1.5 mm and 3.0 mm, the effects of the depth of the
hole on stress magnitude can be neglected.

4.2 Effects of bolt-hole clearance on stress around the hole

Figs. 8-10 show the relation of stress around the hole with
different bolt-hole clearances when pre-tighten force Fjis set
to 1000 N and (r, 6) to (0, 0).

Results validate that the stress around the hole decreases
with the increase of the diameter ratio (D/d). As diameter ratio
D/d increases by 25 %, the magnitude of stress decreases by
nearly 45 %. The law of stress distribution as the depth of the
hole of z= 1.5 mm is similar with that of z=0 mm. However,

Fig. 8. Effects of bolt-hole clearance on stress around the hole when z
=0 mm.

Stressaround hole 0/ MPa

Fig. 9. Effects of bolt-hole clearance on stress magnitude around the
hole when z = 1.5 mm.

Stressaround hole o / MPa

Fig. 10. Effects of bolt-hole clearance on stress magnitude around the
hole when z = 3.0 mm.

as the magnitude of stress around the bolt-hole decreases to
30 % as diameter ratio D/d increases 25 %, when z = 3 mm,
the magnitude of stress around the bolt-hole decreases with
the increasing D/d when it is between 1 and 1.1. When D/ is
between 1.1 and 1.2, the increase in diameter of the bolt-hole
has no effect on the stress magnitude around the hole. When
D/d is between 1.2 and 1.3, the stress around the bolt-hole
increases with the diameter of the bolt-hole.

To understand the relation of diameter ratio D/d and the
stress around the hole, Fig. 11 shows the change law of stress
with D/d. As D/d is between 1 and 1.23, the magnitude of
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Fig. 11. Stress magnitude vs. diameter ratio.

Stressaround hole o / MPa

Fig. 12. Effects of misalignment on stress around the hole when z =
0 mm.

stress around the hole decreases with the increase of the depth
of z when a = 90°. However, when D/d is larger than 1.23, the
magnitude of stress around the hole decreases with the in-
crease of the depth of z when a = 90°. Especially, when D/d
equals to 1.23, the stress magnitude is the same when z =
0mm, 1.5 mm, 3 mm. This property is very helpful in the
design of bolted joint structures.

4.3 Effects of misalignment on stress around hole

Figs. 12-14 investigate the effects of the degree of bolt and
hole misalignment on the stress around the hole when pre-
tightening force F, = 1000 N. In these figures, the response
surfaces in green represents » = 0.1 mm, blue represents » =
0.2 mm, and red represents = 0.3 mm. Results verify that the
relation of stress around the bolt-hole and the degree of bolt
misalignment under different offset distances are very similar.
In addition, the stress magnitude around the bolt hole de-
creases with the increasing hole depth. The stress magnitude is
the maximum value when z = 0 mm, the minimum when z =
3 mm. The stress magnitude is proportional to the nearness of
the bolt center to the center of the bolt hole.

Fig. 15 shows the relation of stress magnitude and the de-
gree of bolt and hole misalignment. When 6 is between 0 and
180°, the maximum stress appears at € = 90°, but the mini-
mum stress appears at @ = 0° and 6 = 180°, which implies that
installing the bolt at (r, 0°) and (7, 180°) is helpful in reducing

Stressaround hole 7/ MPa
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Fig. 13. Effects of misalignment on stress around the hole as z =
1.5 mm.
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Fig. 14. Effects of misalignment on stress around the hole when z =
3.0 mm.
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Stressaround hole 0 / MPa

Position angle of bolt 0/

Fig. 15. Amplitude of stress vs. degree of misalignment.

the stress amplitude when a = 90°. This conclusion is helpful
in improving the fatigue strength of bolted joint structures.
The larger r is, the better its effect is.

4.4 Effect of pre-tighten force on stress

Figs. 16-18 illustrate the effects of pre-tightening force on
the stress magnitude around the bolt-hole as the pre-tightening
force is set from 900 N to 1900 N.

Results assert that the stress magnitude around the hole in-
creases linearly with the pre-tightening force. When the depth
of the hole is z = 0 mm, the maximum stress magnitude
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Fig. 17. Effects of pre-tightening force on stress magnitude when z =
1.5 mm.
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Fig. 18. Effects of pre-tightening force on stress magnitude when z =
3.0 mm.

around the hole reaches 34 MPa, and is 24 MPa when z =
3mm. Under a certain pre-tightening force, the maximum
stress is achieved when o = 0°, 90°, 180°, 270°. Fig. 19 shows
the relation of stress around the hole and pre-tightening force.
Results claim that the magnitude of stress increases with the
pre-tightening force.

Although an analytical method was proposed for analyzing
the stress around the bolt hole of a bolted joint with multi-
parameters in this study, the stress around the hole was not
verified by experimental result. Thus, our future research will
be focused on monitoring the stress around the bolt hole.

35

——7=0 »

—a—7z=1.5mm ~
301 —— z=3.0mm / a

Stress around hole o/ MPa

900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900
Pre-tighten force Fy/N

Fig. 19. Amplitude of stress vs. pre-tightening force.

5. Conclusions

The stress equation of a bolted joint plate was set up
mathematically and the effects of parameters on the stress
around the bolt hole are analyzed qualitatively. A parametric
finite element model of the single-lapped and single-bolted
joint plate was developed by ABAQUS. Finally, the effects of
the diameter ratio of the bolt-hole to the bolt shank, the degree
of bolt misalignment, and the pre-tightening force on the stress
around the hole were analyzed quantitatively. The following
main conclusions are drawn:

(1) The position angles of the hole a = 0°, 90°, 180°, 270°
are the main positions of stress concentration. The stress mag-
nitude around the bolt-hole decreases with the depth of hole
linearity when z is between 0 mm and 1.5 mm. However, the
depth of the hole has no effect on stress when z is between 1.5
mm and 3.0 mm.

(2) The magnitude of stress around the hole decreases with
the increase in depth of z when a = 90° and D/d is between
and 1.23. However, the magnitude of stress around the hole
decreases with the increase of the depth of z when a = 90° and
DJ/d is larger than 1.23. The stress magnitude is the same when
z=0, 1.5 and 3 mm.

(3) The stress magnitude is proportional to the nearness of
the bolt center to the center of the bolt hole. The maximum
stress appears at § = 90°, but the minimum stress appears at 6
=0°and 8= 180°.

(4) The stress around the hole increases linearly with the
pre-tightening force. The maximum stress is achieved when o
=0°,90°, 180°, 270° under a certain pre-tightening force.
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Nomenclature

d : Diameter of bolt shank
D : Diameter of hole

D, : Diameter of bolt head
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e : Distance from hole center to the end of plate
E : Elastic modulus of material

F : External force

Fy : Pre-tighten force

L; : Length of plate 1 and plate 2 (i=1,2)

t : Thickness of plate

r : Offset distance of bolt position

w : Width of plate

Q, : Interface between bolt head and plate 1

Q, : Interface between plate 1 and plate 2

p : Material density

v : Poisson’s ratio

On : Contact pressure stress

U : Lateral deflection in z direction of the right beam
Ty : Shearing stress

6 : Position angle of bolt shank

o : Position angle of point of hole surface
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