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Abstract. The force analysis of bolts in single-bolt, single-shear mechanical
joints is a nonlinear problem that affects the calculation of flexibility and forms
the basis of the calculation of the load-distribution ratio in multi-bolt joints. This
paper simplifies the force analysis of bolts based on beam theory and establishes a
method for determining the distribution of bolt bearing stress in a two-dimensional
plane through the first derivative of the shear force of the bolt shank. Based on
the good strain correlation between the finite element model and experimental
results, three types of composite material layering, three total thickness variations,
six metal plate thicknesses ratios, and eight levels of fastener clamping force were
considered. The fitting of data indicates that linear distribution can effectively
describe the majority of joint conditions. However, when the composite layer is
too thick (such as S3) or the thickness of the metal plate exceeds 2.4 times the
thickness of the composite plate (such as M6), uniform and linear distributions
cannot be used to describe the situation.
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1 Introduction

In mechanical joint structures, the force analysis of bolts is a complex issue. Bolt defor-
mation includes bending, shearing, and compression. Therefore, a rational design of
bolt diameter, composite material thickness, and layup sequences is crucial in structural
design. To solve these kinds of problems, many scholars (Tate, 1946; Tang, 2012; Lian
et al., 2014; Sinthusiri and Nassar, 2020) simplified bolt shanks to beams subjected to
bending moments and bearing forces. This allows for the further calculation of fastener
flexibility. Tate and Rosenfeld (Tate, 1946) assumed that the bearing stress was uni-
formly distributed over the cross-sections of plates and bolts, then shearing and bending
deformations were calculated. Tang (2012) also assumed that the bearing stress on the
bolt shank was uniformly distributed along the thickness. Lian et al. (2014) assumed that
the bearing stress was linearly distributed along the bolt shank, and provided the param-
eters k and q for the linear distribution. Then the parameters were corrected by finite
element models. Meanwhile, through extracting the contact force of the finite element
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model Sinthusiri and Nassar (2020) pointed out that when the plate thickness ratio is
1:3, the bearing stress on the thick plate is non-uniform along the thickness direction and
is closer to a quadratic function distribution. Kou calculated the distribution of bearing
stress using the elastic foundation model (Kou and Xu, 2018), but as a function of bolt
deflection. It is easy to calculate the flexibility of a beam using the uniform distribution
of bearing stress and linear distribution of bearing stress, although higher-order poly-
nomials, exponential functions and other functional forms can cause more difficulties.
There has been no validation of the distribution form of bearing stress on bolt shanks
in the above studies. It is worth noting that many factors can also affect the form of
bearing stress distribution. The thickness of the plate directly affects the length of the
shank. In practical engineering, the ratio of bolt diameter to single plate thickness is
often taken to be around 1.5 (Tang, 2012), making the bolt a short and thick beam that
is primarily subjected to shear deformation to prevent excessive bending deformation.
Since the contact relationship between the bolt and the plate is changed, clearance fit
is one of the factors that mostly influence the distribution of bearing stress (McCarthy
and McCarthy, 2003). Starting with the analysis of the bolt shank unit cell, this paper
presented a method for obtaining the distribution of bearing stress through theoretical
deduction. After the finite element models were validated by static testing of single-bolt,
single-shear hybrid joints, the correctness and applicable range of uniform distribution
(Uni) and linear distribution (Lin) was further studied.

2 Theoretical Basis of the Analysis

2.1 Derivation of the Bearing Stress Distribution

Viewing the bolt as a two-dimensional beam with a rectangular cross-section, a unit cell
of a bolt shank is analyzed in Fig. 1(a). Due to the bearing force applied, shear forces
Fx(z1) and Fx(z2) are respectively exerted on the upper and lower surfaces, according to
the Timoshenko Beam Theory (Temusinco and Gail, 1978). To ensure the balance of the
unit cell, the bending momentsM1 andM2 generated during the bending process of the
bolt should also be taken into account on the upper and lower surfaces. The distribution
form of the bearing stress on the bolt is unknown. The force equilibrium equation in the
x direction is shown in Eq. 1.

Fx(z1) − Fx(z2) =
∫ z2

z1
q(z) (1)

When the length of the unit cell is extremely small, the bearing stress can be assumed
to be uniformly distributed on the unit cell, as q(z) in Fig. 1(b). This process can also be
viewed as taking the derivative of both sides of Eq. 1, or to be written as Eq. 2.

lim
z1−z2→0

Fx(z1) − Fx(z2)

z1 − z2
= q(z1) (2)

Therefore, the linear density of the bearing stress in a certain coordinate z is equal
to the first-order derivative of shear force at this place, with a unit of N/mm. If the
confidence of the linear distribution of shear force in the thickness direction is high, then
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the distribution of the bearing stress tends to be uniformly distributed (Uni). Also, if
shear force is quadratically distributed, then bearing stress is linearly distributed (Lin).
In the following text, CS and MS is the abbreviation of composite-shank contact area
and metal-shank contact area, respectively, as shown in Fig. 2.

(a) Force analysis of an unit cell     (b) force analysis of a very short unit cell

Fig. 1. Force analysis of bolt shank unit cells

(a)  Shear force of bolt shank   (b) Abbreviations of contact areas and distribution forms
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Fig. 2. The distribution forms and abbreviations

2.2 Statical Method Used

In statistics, the coefficient of determination R2 is used measuring confidence in the
predictive power of a certain distribution. It can be calculated by Eq. 3:

R2 = 1 −
∑
i=1

(ŷi − yi)2

∑
i=1

(yi − y)2
(3)

The range of R2 is between 0 and 1. In this research, an R2 value greater than 0.95
is considered to indicate a high correlation between the predicted model and the real
situation.
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3 Modeling and Testing

3.1 Test Set-Ups

Tensile testing ofmetal-composite hybrid joints in single-bolt, single-shear configuration
was conducted on the MTS Landmark 250 kN testing machine. Six specimens were
tested, and the final result was taken as the average of each specimen in each group.
The metal plate material was aluminum alloy with an elastic modulus of 72.4 GPa and
a thickness of 0.4 times that of the composite plate. The composite plate was made
of 24 layers of balanced and symmetrically laid composite, with a total thickness of
4.48 mm. The out-of-plane bending of the specimens was constrained using bending
limit fixtures according to standard (ASTM International, 2017). The fastener used was
a high-locking bolt with a diameter of 4.76 mm made of Inconel 718 nickel-chromium
alloy with an elastic modulus of 199 GPa. The set-up of the experiment was shown in
Fig. 3. Eight strain gauges were arranged on the surface of each test piece to measure
the local strain level during the tensioning process. The geometric parameters of the test
piece and the position of the strain gauges was shown in Fig. 4. After that, the test pieces
were repeatedly loaded to 5kN four times in the linear section, and the strain results of
the four peak loads were averaged.

Fig. 3. Test set-up

Fig. 4. Specimen and geometrical parameters
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3.2 Finite Element Modeling

A finite element model was developed using Abaqus 6.14–2 software. The entire model
was divided by structured mesh using C3D8R elements, and the composite layers were
established using the solid method. The tangential contact relationship between the bolt
shank and the hole was set as frictionless, and the tangential contact between the plates
was set with a friction coefficient of 0.15 to simulate the load shared by the frictional
force in the test. All degrees of freedom at the end face of the composite plate were
constrained, and a 5kN tensile force was applied at the end face of the metal plate, with
freedom in the tensile direction released, as shown in Fig. 5. A simplified fixture was
assembled and the out-of-plane direction was constrained to ensure that the structure
did not experience excessive out-of-plane bending. After the analysis was completed,
the tensile component of the free body cut was extracted at intervals of 0.01mm in the
post-processing module as the shear force acting on the bolt shank, as shown in Fig. 6.
The data was extracted and the shear force diagrams of Fig. 2(a) were plotted.

Fig. 5. Boundary conditions

Fig. 6. Free body cut of the bolt shank

3.3 Model Validation

For mechanical joints, it is difficult to directly obtain the local stresses of the bolt or
hole through experiments. By placing strain gauges on the surface of the two plates,
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the load-carrying situation of the bolt and plate can be effectively reflected. This paper
verified the validity of the finite element model by comparing the strain gauge data of
the two plates. Comparison between experimental and finite element strains of strain
gauges 1# ~ 8# are presented in Table 1. It can be seen that the maximum strain error
did not exceed 15%, indicating the validity of the finite element model.

Table 1. Strain comparison between test results and FE results

Strain 1# 2# 3# 4# 5# 6# 7# 8#

Test results 837 1007 843 1075 680 288 771 260

FE results 896 1044 896 1043 772 245 755 260

Error 7.05% 3.67% 6.29% −2.98% 13.53% −14.93% −2.08% 0.00%

4 Analysis Results

4.1 Analysis Matrix

Four factors are listed in Table 3: layup sequence, total composite thickness, metal
thickness ratio, and clamping force, which are represented by the codes L, S, M, and F,
respectively. Three kinds of typical lay-up sequences are chosen according to (He et al.,
2016), as shown in Table 2. The total laminate thickness is 3.73mm in group L. On the
basis of L1 layup, the total thickness of the laminate is changed by altering the number
of times the layup is stacked. Here, s/2s/3s represent 20/40/60 layers respectively. The
thickness ratio is defined as the ratio of metal plate thickness to composite thickness. The
clamping force is defined as the pressure generated on the bolt section by the tightening
effect. The specific parameter variations are shown in Table 2–3 (where bold letters
represent the basic level).

Table 2. Typical lay-ups to be analyzed.

Lay-up
codes

Lay-up sequences Angle ratio
(0°:90°:45°)

Total number
of layers

L1 [45°/0°/−45°/0°/45°/90°/−45°/0°/45°/−45°]s 30:60:10 20

L2 [45°/0°/−45°/0°/90°/0°/45°/0°/−45°/0°]s 50:40:10

L3 [45°/0°/0°/−45°/0°/0°/0°/90°/0°/0°]s 70:20:10
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Table 3. Parameter variations.

Parameters code Lay-ups Thickness ratio Clamping force(MPa)

Thickness of composite
plate

S1 s (20 layers) 1 200

S2 2 s (40 layers)

S3 3 s (60 layers)

Thickness of metal plate M1 s 0.2 200

M2 0.4

M3 0.6

M4 1

M5 2

M6 3

Clamping force F1 s 1 0.2

F2 50

F3 100

F4 150

F5 200

F6 300

F7 400

F8 600

4.2 The Effect of Layup Sequences (L)

Figure 7 illustrates the determination coefficient R2 obtained by linear and quadratic
regression of shear stress using the least squares method for different layup sequences.
For the given three layup sequences L1, L2, and L3, the R2 of the linear distribution (Lin)
of bearing stress is high in both the Metal-Shank contact area (MS) and the Composite-
Shank contact area (CS), indicating that a linear distribution is desirable. However,
for MS, the R2 of uniform distribution (Uni) is only around 0.9, which is insufficient to
describe the distribution of bearing stress. For theL3 layup, theR2 of uniformdistribution
is slightly lower than 0.95, while for L1 and L2 it exceeds 0.95. This indicates that the
increase in the proportion of 0° layup will also slightly increase the non-uniformity of
the distribution of bearing stress. The data also shows that the influence of the three
layup proportions on the distribution of bearing stress is extremely small, although the
layup proportions can affect the bearing strength of the joint (Chen et al., 2013). Table 4
shows the distribution forms of bearing stress in theMS and CS under the variable levels
of L1 to L3.

4.3 The Effect of Layup Thickness (S)

Under the S1 layup, the bearing stress distribution in CS can be approximated by Uni,
while the bearing stress distribution in MS can be described by Lin, as shown in Fig. 8.
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Fig. 7. R2 in MS and CS under different layup sequences (L)

Table 4. Suitable distribution forms for each contact area.

MS-Uni MS-Lin CS-Uni CS-Lin

L1 ✓ ✓ ✓

L2 ✓ ✓ ✓

L3 ✓ ✓

Linear distribution cannot even describe the bearing stress in MS under the S3 layup. As
the thickness of the layer increases, the fitting performance of each line decreases accord-
ingly. This is due to the fact that a larger thickness represents a longer bolt length, which
alters the local contact relationship, resulting in a more uneven distribution of bearing
stress. So it’s worth noticing that the total thickness, or to say, bolt length is an important
factor to be taken into consideration. In engineering practice, the length/diameter ratio
is usually 1–2 (Aircraft Design Manual editorial Board, 1983) (Table 5).

4.4 The Effect of Thickness Ratio (T)

Table X reveals that in the majority of cases, linear distribution can effectively fit the
bearing stress distribution on both the MS and CS.When the thickness of the metal plate
exceeds 2.4 times of the composite thickness, the distribution is too uneven that none of
the two types can describe it well. In this situation, the bolt length/diameter is around 2.7.
Additionally, it can be observed that the relatively thicker plate in this structure exhibits
a more uneven distribution of bearing stress. When the thickness of the composite plate
is the same as that of the metal plate (M4), the bearing stress distribution on the metal
plate displays a stronger degree of non-uniformity, as shown in Fig. 9.
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Fig. 8. R2 in MS and CS under different layup thickness (S)

Table 5. Suitable distribution forms for each contact area.

MS-Uni MS-Lin CS-Uni CS-Lin

S1 ✓ ✓ ✓

S2 ✓ ✓

S3 ✓
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Fig. 9. R2 in MS and CS under different thickness ratio (M)

4.5 The Effect of Clamping Force (F)

The trend depicted in Fig. 10 indicates that as the clamping force increases, the value
of R2 also increases correspondingly. This is because the load transmitted through the
bolt-hole interaction is smaller, resulting in less deformation of the bolt shank, which
to some extent improves the non-uniformity of the bearing stress. It’s worth noting that
according to [M], the bearing stress of high-strength bolts is generally optimal at around
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Table 6. Suitable distribution forms for each contact area.

MS-Uni MS-Lin CS-Uni CS-Lin

M1 ✓ ✓ ✓

M2 ✓ ✓ ✓

M3 ✓ ✓ ✓

M4 ✓ ✓ ✓

M5 ✓ ✓ ✓

M6 ✓ ✓

Table 7. Suitable distribution forms for each contact area.

MS-Uni MS-Lin CS-Uni CS-Lin

F1 ✓ ✓

F2 ✓ ✓

F3 ✓ ✓

F4 ✓ ✓

F5 ✓ ✓ ✓

F6 ✓ ✓ ✓

F7 ✓ ✓ ✓

F8 ✓ ✓ ✓

20% of the bolt material’s ultimate strength (about 1300MPa for Inconel 718), and may
not necessarily reach the 600MPa of the test plan group. In this paper, the value above
400MPa is only a model exploration.
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Fig. 10. R2 in MS and CS under different thickness ratio (F)
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5 Conclusion

1) The 2-D distribution of the bearing stress on the bolt shank can be derivated from
the first-order derivation of the shear force distribution. The linearly distributed shear
force indicates uniformly distributed bearing stress, and the quadratically distributed
shear force indicates linearly distributed bearing stress. It is relatively convenient to
calculate the flexibility of fasteners using these two distribution forms.

2) The layup sequences barely affect the bearing stress, but as the thickness of the com-
posite layers increases, the distribution of compression force becomes significantly
more uneven due to the longer length of the bolt shank.

3) The bearing stress distribution in most of the joint situations can be solved by linear
distribution. However, when the length/diameter ratio of bolt shanks exceeds 2.7,
the R2 of linear distribution is lower than 0.95, which means it does not adequately
describe the distribution at this point.

4) Larger clamping force obviously relieves the unevenness of the bearing stress.
Along with the increase in clamping force, the R2 of uniform distribution and linear
distribution shows an upper trend.
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