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Abstract
Parameters which affect shear stiffness characteristics of bolted joints subjected to shear load should be elucidated in order to 
design mechanical structures for functionality focusing not only on their strength and self-loosening but also on their shear 
stiffness. In this study, we have both experimentally and analytically investigated the behaviors of a bolted joint subjected to 
shear load and primary parameters which determine the shear stiffness characteristics of bolted joints. The experiments have 
been conducted applying the shear load four times repeatedly on clamped plates of a bolt/nut assembly with washers. We 
measured the shear stiffness of bolted joints and the shear load at which the slippage started to occur between the clamped 
plates. Four types of washers were used in the experiments with different contact areas on the clamped plates in order to 
reveal the effect of contact area of washers. We also conducted FE analysis under the same conditions. As the results, it was 
seen that the shear stiffness slightly increased with an increase in the clamp force of bolted joint. The shear stiffness was not 
influenced by the number of loading cycles. It was also seen that the amount of rotational deformation in the bolted joint 
depended on the slippage between the clamped plates. Although the rotation deformation was very small until the slippage 
occurrence, the rotational deformation remarkably increased after the slippage occurred. In general, it is well-known that 
the joining portion of lap jointed plates by spot welding, for example, slightly and rotationally deformed, but it has never 
been elucidated that the inclination angle due to the rotational deformation depends on the slippage between the clamped 
plates in the bolted joint. It was also seen that the shear stiffness until the slippage occurrence increased with an increase 
in the contacting surface area between the clamped plates. Although we investigated the effect of surface roughness of the 
clamped plates only in the experiments, we cannot clearly reveal its effect on the shear stiffness. But it is seen from the FE 
analysis result that the friction coefficient between clamped plates had a slight influence on the shear stiffness. The result 
shows that the shear stiffness of bolted joint mainly depends not only on the slip resistance between the clamped plates but 
also on increase of the contact surface between the washers and clamped plates. The results can be applied in order to control 
the shear stiffness of lap-jointed plates by spot welding and so on.
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1  Introduction

Multi-material structures have been required on various 
vehicles in order to improve fuel efficiencies by reducing 
weight [1, 2]. To execute multi-material structures effec-
tively, we have to select not only the optimum material for 
each structure but also the optimum joining techniques for 
each joint. The main techniques to join dissimilar materi-
als are bonding, various kinds of welding, friction stir join-
ing, and mechanical joining [3–6]. Of these, the mechani-
cal joining methods can join more kinds of materials than 
welding can, as it can also be applied to resin. Unlike other 
mechanical joining methods, the bolt tightening method can 
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give preload as clamp force on clamped parts. As a result, 
the joining strength of bolted joints is higher than other 
mechanical joining methods [7, 8]. However, bolted joints 
need careful attention to clamp force reduction caused by 
loosening as well as static strength and fatigue strength. 
There have been many studies done on bolted joints, most 
of which have revealed the mechanical behavior of bolted 
joints when an axial load is applied to the joints. On the 
other hand, when a transverse load against bolt axis, that 
is shear load, is applied to the joints, slippage occurs on 
the thread surface and bearing surface and between bolted 
joints, which causes self-loosening as well as bolt or nut 
rotation and fatigue destruction. There remain some impor-
tant issues to be solved [9, 10]. Yamamoto elucidated the 
relation between self-loosening and slippage on the bear-
ing surface of the bolted joints subjected to axial transverse 
vibration [11]. Kase et al. showed the mechanism that causes 
self-loosening and limits sliding displacement of the bolted 
joints when they receive transverse vibration [12]. Izumi 
et al. supported the self-loosening mechanism revealed by 
Kase et al. by means of simulating the spiral shape of the 
screw thread in three dimensions to conduct FEM analysis 
[13]. Pai and Hess experimentally and analytically investi-
gated self-loosening of bolted joints subjected to dynamic 
shear loads [14, 15]. Zhang et al. revealed an influence of 
abrasion on self-loosening behavior, and Hashimura et al. 
elucidated the influence of lubricant on self-loosening 
behavior [16, 17]. Dravid et al. revealed the influence of 
washers on self-loosening of bolted joints [18]. With experi-
ments and FEM analysis, Pirdayr et al. showed the influ-
ence of vibration on self-loosening of screws [19]. Zhao 
et al. conducted research on the effect of the initial clamp 
force and contact states on the load change relation [20]. 
Fukuoka et al. reproduced the spiral shape of screw threads 
to conduct FEM analysis and found the characteristics of 
self-loosening, fatigue strength, and load change [21–23]. 
Hashimura and Socie and Hashimura and Kurakake clarified 
the different conditions of occurrence for self-loosening and 
fatigue destruction when bolted joints are subjected to trans-
verse vibration and showed a method of evaluating fatigue 
destruction mechanism as well as fatigue strength in the case 
of transverse vibration [24, 25]. Thus, a lot of self-loosening 
studies have been conducted on bolted joints subjected to 
transverse load.

On the other hand, since there are many cases where 
tensile shear load acts on components with multiple thin 
plates joined together such as transportation equipment, it 
is essential not only to elucidate self-loosening behaviors 
but also to identify and control the shear stiffness of bolted 
joints to functionally and efficiently design machines. Spot 
welding and friction stir spot welding have been frequently 
used in the automotive manufacturing so far [26–30]. In the 
spot welding, nugget diameters on spot welds for thin plates 

around 2 mm thick are about 7 mm, and the shear stiffness 
of joint portion can be easily controlled with the number 
of spots and their nugget size. On the contrary, since outer 
diameter of the bearing surface of flange nut is about 17 mm 
in bolted joints, it is not spatially easy to increase the num-
ber of bolted joints for improvement of the shear stiffness. 
Therefore, if effective parameters for the shear stiffness of 
bolted joints are revealed and controlled using flange of bolt 
and nut or washers effectively, functionally and efficiently 
designed machines and structures are possible. Furthermore, 
when parts that cannot be spot welded are joined with bolted 
joints, the degree of design freedom is increased. However, 
since slippage can occur on the joined part and thread sur-
faces, parameters influencing the shear stiffness of bolted 
joints must be investigated in detail.

In this study, we experimentally and analytically investi-
gated the effects of various parameters on the shear stiffness 
of bolted joints consisting of two thin plates, a bolt, nut, 
and washers when subjected to tensile shear load. We eluci-
dated the deformation mechanism of bolted joints subjected 
to shear load first. And then, we revealed the influences of 
clamp force, the size of the contact areas, surface roughness, 
and friction coefficient on the shear stiffness using washers 
with different contact areas to the clamped plates. Simulta-
neously, we investigated the influence on limit tensile shear 
load up to which no slippage occurs on the joined surface or 
thread surface. We also discussed what the most important 
parameter is for the shear stiffness of bolted joints.

2  Shear stiffness of bolted joint

Figure 1a shows a bolted joint subjected to shear tensile 
force, and Fig. 1b shows a schematic illustration of the 
relation between relative displacement δ of clamped plates 
and tensile force P, based on a preliminary experiment, in 
which the bolted joint is subjected to tensile force P in the 
shear direction. When the bolted joint is pulled with P, the 
clamped plates are elongated at first as shown in stage I in 
Fig. 1b if the clamp force of the bolted joint is great enough 
because the tensile force P is supported by friction force 
generated due to the clamp force. Let the elongations of 
clamped plates be λp-1 and λp-2, and the displacement δstage I 
in stage I is expressed as follows.

After that, when the tensile force P exceeds the fric-
tion force, slippage occurs at mating surfaces between the 
clamped parts at point A in Fig. 1b. The bolt inclines and 
deforms into an S-shape at that time to compensate for the 
relative displacement due to the slippage. That region from 

(1)�stage I = �p-1 + �p-2

5140



The International Journal of Advanced Manufacturing Technology (2023) 127:5139–5154 

1 3

point A to point B is defined as stage II. Let the slippage 
displacement between mating clamped plates be Sp, and the 
displacement δstage II in stage II is expressed by

In stage II, let the displacement due to the bolt inclination 
and the bolt deformation be δb, and δb equals to Sp.

Then, if the bolt deformation and inclination reach their 
limits at point B, the slippage occurs at the bolt-bearing sur-
face and the nut-bearing surface. The region from point B to 
point C is defined as stage III in Fig. 1b. Let the slippage at 
the mating-bearing surface under the bolt head and the nut 
be Sb, and the displacement δstage III in stage III is expressed 
by

In Fig. 1b, the gradient from 0 to point A is defined as 
the shear stiffness k1 of the bolted joint. The tensile force at 

(2)�stage II = �stage I + Sp = �p-1 + �p-2 + Sp

(3)�stage III = �stage II + Sb = �p-1 + �p-2 + Sp + Sb

point A is defined as the limit value of elastic region force 
P1. In this study, the shear stiffness k1 of the bolted joint 
and the limit value of elastic region force P1 were measured 
under several conditions, and we discussed shear stiffness 
characteristics.

3  Experiment and finite element analysis

3.1  Bolted joints and washer types

Figure 2 shows four types of bolted joint using different 
washers. We prepared these washers in order to change 
the contact areas Aw between the washers and the clamped 
plates. The washers in the bolted joint in Fig. 2a were two 
cylindrical plain washers. We call this bolted joint as bolted 
joint I in this study. The washers in Fig. 2b have 60° taper 
shown in Fig. 2(b). We call this bolted joint as bolted joint 
II. The washers in Fig. 2c have a 60° taper opposite to bolted 

Fig. 1  Bolted joint subjected to 
shear force and a relationship 
at that time between shear force 
and displacement
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joint II. We call this bolted joint as bolted joint III. The 
washers in Fig. 2d have 90° taper as shown in Fig. 2d. We 
call this bolted joint as bolted joint IV.

The nominal size and the nominal length l of the test bolt 
were M8 and l = 30 mm. The test bolt and the nut were made 
of medium carbon steel JIS S45C. The property class of the 
test bolt was 6.8. The test bolt was attached to a strain gage 
in the center of the bolt to measure clamp force as shown in 
Fig. 2a. The test nut for all bolted joints was a commercial 
hexagon head bolt M8 with flange. Each dimension is shown 
in Fig. 2. The grip length lg that is the length between the 
bearing surface under the bolt head and the bearing surface 
under the nut was lg = 14 mm for all bolted joints because 
the clamped plate thickness was 2 mm. The washer’s thick-
ness was set thicker than normal because we increased the 
grip length of the bolted joint to accurately measure the 
clamp force F and also to make clear the difference of con-
tact area Aw for each bolted joint.

3.2  Shear tensile test

Figure 3 shows a tensile test situation for the bolted joint. 
Figure 3a depicts a front view of the clamped plates, while 
Fig. 3b shows the tensile test situation, which includes an 
extensometer. The clamp plates were 100 mm long, 25 mm 
wide, and 2 mm thick. They were made of cold-rolled steel 
plate. The two clamped plates were tightened with the test 
bolt and nut, and the clamp force F was controlled using the 
strain gage after setting the washers. We did not lubricate 
the mating surfaces between the clamped plates, the thread 
surfaces, or the bearing surface of the bolted joint at all. 
The extensometer was positioned 25 mm from the bolt axis, 
and three strain gages were attached to the clamped plates 
as shown in Fig. 3b.

The tensile tests were conducted using the following pro-
cedure. After the two clamped plates were initially pulled 
until the maximum tensile force Pmax = 2.2 kN, the tensile 
force was reversed to zero. This cycle was repeated four 
times. The maximum tensile force Pmax = 2.2 kN was deter-
mined via preliminary experiments not to exceed point B 
in Fig. 1b. The reason why we repeated it was to confirm 
behaviors of the shear stiffness and slippage between the 
clamped plates under cyclic load.

At first, we investigated the effects of clamp force on 
the shear stiffness of bolted joint I in this study. The clamp 
forces Fi, measured in kilonewtons, were set to the four 
cases, Fi =3 kN, 4 kN, 5 kN, and 6 kN as shown in Table 1. 
Next, we investigated the effects of contact area between 
washers and clamped plates on their shear stiffness using 
all types of bolted joint. The contact area A for each joint 
is listed in Table 2. Finally, we investigated the effects of 
the roughness of the washer surface contacting the clamped 
plates on their shear stiffness, as shown in Table 3. Each 
surface roughness was prepared by polishing the surface 
with sandpaper #120, #600, and #2000 and measured using 
a surface roughness tester. The actual surface roughness Ra 
varied slightly between each bolted joint.

3.3  Finite element model

Figure 4 shows four finite element analysis (FE analysis) 
models that are the same shapes as the four types of bolted 
joints shown in Fig. 2. The bolt models and the nut models 
have spiral screw threads. The thread shape, bolt, and the 
nut were made based on ISO 68-1 [31]. The shapes of the 
clamped plates and washers were the same as in Fig. 2 and 
Fig. 3. The FE analyses were conducted with completely 
elastically models. Young’s modulus E and Poisson’s ratio 
ν of the bolt, nut, clamped parts, and washers were set to E 

Fig. 2  Bolted joints with different washer types
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= 206 GPa and ν = 0.3 respectively. The thermal expansion 
coefficient of the washers was defined as α = 1.17 ×  10−5 
1/K to generate the clamp force F. The clamp force was 

set as shown in Table 1. The friction coefficient between 
contact surfaces was μ = 0.25. The left clamped plate was 
constrained as shown in Fig. 4, and the right side of the 

Fig. 3  Schematic illustration 
of shear tensile test for bolted 
joints

Table 1  Experimental condition 
to investigate an effect of clamp 
force

Bolted joint type Clamp 
force F 
(kN)

Bolted joint I 3
Bolted joint I 4
Bolted joint I 5
Bolted joint I 6

Table 2  Contact area between clamed plates and washers

Clamp force F (kN) Bolted joint type Contact 
area A 
 (mm2)

6 Bolted joint I 170
6 Bolted joint II 351
6 Bolted joint III 42.2
6 Bolted joint IV 478
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clamped plate was pulled at tensile force P. The elastic finite 
element analyses were conducted using Marc Mentat 2021.1.

We conducted FE analysis to investigate the effects of 
clamp force on their shear stiffness as in the original experi-
ments shown in Table 1. We then investigated the effects of 
contact area between washers and clamped plates on their 
shear stiffness using all types of bolted joint through FE 
analysis, as seen in Table 2. Although we wanted to inves-
tigate the effects of surface roughness between the washer 
surface and the clamped plate surfaces, as demonstrated in 
Table 3, it was difficult to simulate the differences in surface 
roughness. Consequently, we conducted FE analysis varying 
the friction coefficients, as shown in Table 4 to simulate the 
difference in surface roughness.

4  Results and discussions

4.1  Behaviors of bolted joint receiving shear force

Figure 5 shows behaviors of the tensile force P versus 
the strain ε2 and ε3 at each position of strain gage 2 and 
3 for bolted joint I in the experiment and FE analysis. 
The clamp force Fi was 6 kN. It also shows the behav-
ior of tensile force P versus tensile strain εt measured by 
the strain gage and calculated by FE analysis. In Fig. 5, 
the ordinate shows the tensile force P, and the abscissa 
shows each strain. The gray curves show the relationships 
in two cycles as measured in the experiments, and the dot-
ted curves show the relationships calculated by FE analy-
sis. The tensile force P versus the strain εm between the 
measurement length measured by the extensometer and 
calculated by FE analysis is also shown by the gray curve 
and the dotted curve in Fig. 5. The tensile strain εt was 
calculated using the following equation as an average of 
ε2 and ε3.

The strains εm between the measurement length lm (=50 
mm) measured by the extensometer and calculated by FE 
analysis was calculated using the following equation.

where xm is the elongation between the measurement 
length.

It can be seen in Fig. 5 that the tensile force P behavior 
versus strain ε2 and ε3 in the FE analysis almost accu-
rately expresses that of the experiments. The tensile force 
P behavior versus the tensile strain εt in the FE analy-
sis could also capture the tensile force P behavior in the 
experiments. However, the tensile force P behavior ver-
sus the strain εm between the measurement length lm was 
slightly different in the experiment and the FE analysis. 
This may be due to slight differences in the deformations 
of the clamped plates (including bolt and nut) in the exper-
iment and the FE analysis, as the bolted joint includes 
several contact points. The inclination of P versus εm in 
the initial region of the experiment was almost the same 
as the inclination of P versus εt, which may be that atti-
tude indicates that it is contributed to thermal expansion 
coefficients, the set value of frictional coefficient μ in the 
FE analysis, or other boundary conditions. Nevertheless, 
it can be concluded that the FE analysis could reasonably 
capture the real phenomenon of the bolted joint.

In Fig. 5, the inclination of P versus εm in the initial 
region of the experiment corresponds to 0-A in Fig. 1. It 
can be seen that slippage hardly ever occurred between 
the clamped plates at that time because the relationship 
between P and εm is linear. Hence, we defined the inclina-
tion of the tensile force P versus the elongation xm between 
the measurement length lm in this region as the shear stiff-
ness ki of the bolted joint. The shear stiffness of the bolted 
joint ki is expressed using the following equation.

where i in the shear stiffness ki indicates a loading cycle 
turn because we conducted four cycles in the experiment. 
Namely, k1 indicates the shear stiffness in the first cycle. 
Since the inclination of P versus xm at the starting point of 
the experiments was a little unstable, we derived the shear 
stiffness k using the range from P = 0.5 to 1.0 kN.

Following this, the slippage occurred between the 
clamped plate, and the bolt deformed into an S shape in 
area A-B of Fig. 1. Furthermore, section B-C shows a region 
where the bearing surface under the bolt head and nut as 

(4)�t =
�3 + �2

2

(5)�m =
xm

lm

(6)ki =
P

xm

Table 3  Surface roughness of washer after polished

Bolted joint type Polish Average 
roughness Ra 
(μm)

Bolted joint I Polished by #120 0.74
Polished by #600 0.22
Polished by #2000 0.08

Bolted joint III Polished by #120 0.34
Polished by #600 0.16
Polished by #2000 0.10

Bolted joint IV Polished by #120 0.59
Polished by #600 0.14
Polished by #2000 0.08
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well as the engaging thread surfaces started to slip. In Fig. 5, 
the tensile force P in the unloading process decreased lin-
early, and the behavior of P in the second cycle showed a 
linear relation not only during the loading process but also 
during the unloading process. This result indicates that 
after the slippage between the clamped parts occurred in 
the first loading process, the displacement due to the slip-
page between the clamped plates would never return to the 
original even when P was unloaded.

Fig. 4  FE models of bolted joints with different washer types

Table 4  Friction coefficients in FE analysis

Bolted joint type Clamping force F (kN) Friction 
coefficient 
μ

Bolted joint I 6 0.10
Bolted joint I 6 0.25
Bolted joint I 6 0.40
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Figure 6 shows deformation shapes at bolt axis of bolted 
joint I when the bolted joint received each tensile force P 
in FE analysis. In Fig. 6, the ordinate shows y position in 
the bolt axis, and the abscissa shows the deformation δ of 
the bolt axis in the shear direction. The deformations δ of 
the bolt axis were calculated as the difference between the 
displacement of bolt axis in shear direction at each y position 
and the inclined line based on a line connected from y = 0 
to y = 8 on bolt tip.

Figure 6 shows that all deformation shapes at each tensile 
force P were S-shaped, and the deformations δ increased with 
an increase in the tensile force. Although the deformations 
δ slightly increased, they rapidly increased after P exceeded 
1.2 kN. After the tensile force P was released to 0 kN, the 
deformation did not return to its original position. These 
results indicate that the bolted joint deformation up until P 
= 1.2 kN was due to elastic deformation of the bolted joint, 
including elongation of the clamped plates. The reason that 

Fig. 5  Examples of shear tensile 
test result and FE analysis 
results of bolted joint I
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the displacement δ greatly increased at the bolt neck portion 
after the tensile force P exceeded 1.2 kN is that slippage sig-
nificantly occurred between the clamped parts. And the reason 
that the displacement δ at bolt neck potion did not return to the 
original position even after releasing the tensile force P is con-
sidered to be that the friction force between the clamped plates 
was larger than the recovery force due to the elastic deforma-
tion of the bolt. This phenomenon was confirmed in Fig. 5. 
Therefore, it can be concluded that even when the bolted joint 
receives cyclic shear tensile force P only in the tensile direc-
tion, slippage will occur between the clamped parts at the first 
cycle, and they will never return to their original positions.

Figure 7 shows the distributions of contact stress p calcu-
lated by FE analysis between the clamped parts on both sides 
of the bolt. The contact stress p is the value at the centerline 
of the wide direction. The left diagram shows the contact 
stress p between the clamped parts on the left side of the 
bolt, and the right diagram shows the same thing on the right 
side. In the diagrams, the ordinate is the contact stress p, and 
the abscissa is position x from the bolt axis. It can be seen 
in Fig. 7 that the contact area decreases with an increase in 
the tensile force P. This is due to the separation at the edges 
between the clamped plates. Therefore, this result indicates 
that the bolted joint has rotated to the clockwise direction 
due to the tensile force P.

4.2  Effect of number of loading cycles on shear 
stiffness

Figure 8 illustrates the shear stiffness of bolted joint I in the 
experiment and FE analysis, with a clamp force Fi of 6 kN. 
Figure 8a displays the relationship between the tensile force 
P and displacement δ at the measurement length lm in the 
experiment and FE analysis. Figure 8b shows the shear stiff-
ness k during loading process and unloading process at each 

cycle in the experiments. In Fig. 8a, the black line shows the 
experimental result, and the dotted line shows the FE analy-
sis result. It can be seen in Fig. 8a that there is a difference 
between the inclinations of the experiment and FE analysis. 
This difference is also shown in Fig. 5 and is attributed to 
FE analysis not being able to perfectly simulate the deforma-
tions of the bolted joint due to its multiple contact portions. 
As mentioned above, the shear stiffness k was measured in 
the range between P = 0.5 and 1.0 kN as the behavior of ten-
sile force P less than 0.5 kN was unstable in several experi-
ments. In Fig. 8a, the proportional limit of the tensile force P 
in the first cycle was defined as P1, determined as the tensile 
force P at the plastic strain was generated 0.0005%. In this 
study, we have also estimated the linear limit P1 in addition 
to the shear stiffness k in each condition. Incidentally, as it 
can be seen in the relationship between the tensile force P 
and the displacement δ in Fig. 8a, the macroscopic slippage 
did not occur between the clamped plates in and after the 
second cycle. As the cause, it is difficult to consider that the 
bolt shank touched the bolt hole because the displacement 
δ of the clamped plates was less than 0.02 mm. Hence, it is 
considered as the result that the contacting surfaces of the 
clamped plates were running in due to the first slippage. 
The result indicates that we can increase the proportional 
limit P1 at which the clamped plates start to slip by means 
of letting the contacting surfaces of the clamped plates run 
in before use.

The shear stiffness ki in the three experiments is shown in 
Fig. 8b. The abscissa shows the number of loading cycles, 
and the ordinate shows the shear stiffness ki. The error 
bars drawn with solid lines show the scatter bands during 
the loading process in the three experiments, and the dot-
ted error bars show the scatter bands during the unloading 
process. The white circular symbols and the black circular 
symbols show those averages respectively. In addition, the 

Fig. 6  Bolt axis deformation 
δ when bolted joint pulled by 
several shear forces P simulated 
by FE analysis
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Fig. 7  Contact stress p between overlapped clamped plates when bolted joints subjected to shear forces P simulated by FE analysis

Fig. 8  Examples of relationship 
between tensile force P and dis-
placement δ and shear stiffness 
in case for bolted joint I
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shear stiffness k1 calculated by FE analysis was shown by 
the dotted line.

It can be seen in Fig. 8b that the shear stiffness ki apart 
from that of the first loading cycle was almost constant in 
spite of the loading and unloading. As can be seen in Fig. 8a, 
since significant slippage occurred between the clamped 
parts only during first loading cycle, it is believed that the 
shear stiffness k1 in the first cycle was slight lower than that 
in other cycles. From these results, it can be concluded that 
the shear stiffness ki for the entire loading and unloading 
cycle was approximately 150 kN/mm, and there was no 
significant change for each loading and unloading cycle. 
However, the shear stiffness k1 calculated by FE analysis 
was approximately 110 kN/mm. As mentioned above, the 
discrepancy between the experimental shear stiffness and 
the analytical shear stiffness is likely due to the slight differ-
ence in the deformation and slippage of the clamped plates, 
including the bolt and nut between the experiment and the 
FE analysis since the bolted joint incorporates multiple con-
tact points.

Incidentally, the tensile stiffness of only the clamped plate 
can be calculated as follows.

where E is Young’s modulus and A is a cross sectional area 
of the clamped plate.

It is observed that the tensile stiffness of the clamped 
plate alone was approximately 15% higher than the experi-
mental shear stiffness k of bolted joint I. The lower shear 
stiffness of the bolted joint can be attributed the increase in 
localized strain caused by stress concentration at the edges 
of the bolt head and nut, as well as the rotation of the joint 
as previously discussed.

(7)

kplate =
E ⋅ A

l
m

=
206 × 109 ⋅ 0.025 × 0.002

0.05

= 206 × 106 N∕m = 206 kN∕mm

4.3  Effect of clamp force on shear stiffness

Figure 9 shows the effect of clamp force Fi on the shear 
stiffness k1 and the proportional limit P1 of the tensile 
force in the first loading cycle in the experiments and FE 
analysis. Figure 9a shows the relationship between Fi and 
k1, and Fig. 9b shows the relationship between Fi and P1. 
In Fig. 9a, b, the black circular symbols and the error bars 
show the experimental results, and the gray circular sym-
bols show k1 calculated by FE analysis. As can be seen in 
Fig. 9a, the shear stiffness k1 in the first loading cycle gradu-
ally increased with an increase in the clamp force Fi, and 
the increasing trend agrees with FE analysis although the 
absolute values of k1 differ at each clamp force. However, the 
proportional limit P1 was widely scattered when the clamp 
force Fi was low. P1 in the FE analysis increased with an 
increase in the clamp force. Just focusing on the average 
value of P1 in the experimental results, P1 from Fi = 3 to 5 
kN in the experiments also increased with an increase in the 
clamp force, similar to the FE analysis although the aver-
age value of P1 when Fi = 6 kN in the experimental results 
slightly decreased. Therefore, although there are some differ-
ences between the experimental results and the FE analysis 
results, both phenomena concur. The reason that P1 scat-
tered widely when Fi was low may be due to the instability 
and influence of slight waviness errors between the mating 
surface of clamped parts, as the friction force between the 
clamped plates when Fi was low was small.

4.4  Effect of contact area on shear stiffness

Figure 10 shows the effect of contact area A on the shear 
stiffness k1 and the proportional limit P1 of the tensile force 
in the first loading cycle in the experiments and FE analysis. 
Figure 10a illustrates the relationship between Fi and k1, 
and Fig. 10b shows the relationship between Fi and P1. The 

Fig. 9  Influences of clamp force 
on shear stiffness of bolted joint 
(bolted joint I)
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black circular symbols and the error bars in Fig. 10 show the 
same as in Fig. 9. It is seen in Fig. 10a that the shear stiff-
ness k1 gradually increased with an increase in the contact 

area A, and the increasing trend agreed with FE analysis. 
However, the increasing ratios of the experiments and FE 
analysis were slightly different for each contact area A. The 

Fig. 10  Influences of contact 
area between clamped plate 
and washer on shear stiffness of 
bolted joint

Fig. 11  FEM relationship 
between contact area and incli-
nation of plate
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behaviors of the proportional limit P1 were almost the same 
in the experiments and FE analysis although the experimen-
tal values scattered widely for bolted joints I and II.

Figure 11 shows the relationship between the size of the 
contact area A and the inclination θ due to rotational defor-
mation of the bolted joints in FE analysis. In Fig. 11, the 
ordinate shows the inclination θ, and the abscissa shows the 
size of the contact area A. The inclination θ was defined as 
the inclination between points A and B. Figure 11 illustrates 
that the inclination θ due to rotational deformation of the 
bolted joints increases with a decrease in the size of the 
contact area A. The results indicate that the contact area A 
increases the bending stiffness of the bolted joints, and the 
increase of the bending stiffness induced the shear stiffness 
k1 of bolted joints.

Figure 12 shows the relative displacement δt on position x 
of the overlapped clamped plates shown in the upper figure. 
The ordinate is relative displacement δt corresponding to 
the slippage between the clamped plates, and the abscissa is 
the position x of the overlapped clamped plates. The relative 
displacements δt in the same tensile force P correspond to 
the shear stiffness k1 of bolted joints. It was observed that 
the relative displacements δt decreased with an increase in 
the size of the contact area A, and the relative displacements 
δt significantly depended on the size of the contact area A. 
Thus, it can be seen that the contact area A is a key factor 
for increasing the shear stiffness of the bolted joints under 
the same tensile force P.

From these results, it was seen that an increase of the size 
of the contact area between the clamped plates reduced the 

Fig. 12  Relative displacement 
corresponding to slippage 
between clamped plates
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deformation rotation of the bolted joints due to shear load. 
It was also seen that the reduction of the deformation rota-
tion of the bolted joints made the shear stiffness k1 increase. 
Therefore, it is considered that bolted joint IV of which the 
size of the contact area A was the largest was the optimum 
washer in order to increase the shear stiffness. The result 
shows that the shear stiffness depends not only on the slip 
resistance between the clamped plates but also on the size 
of the contact surface between the washers and clamped 
plates and the inclination due to rotational deformation of 
the bolted joint. The results indicate that we can increase the 
shear stiffness of lap-jointed plates in the spot welding and 
other joining techniques by considering spot positions to 
avoid the deformation rotation of the joint portion.

4.5  Effect of surface roughness on shear stiffness

Figure 13 shows the effect of surface roughness Ra of con-
tacting surfaces of clamped plates on the shear stiffness k1 in 
the first loading cycle on the experiments shown in Table 3. 
The ordinate shows the shear stiffness k1, and the abscissa 
shows the surface roughness Ra of the contacting surfaces of 
clamped plates. It can be observed that the shear stiffness k1 
decreased with an increase in the surface roughness Ra for 
bolted joints III and IV. But the shear stiffness k1 for bolted 
joint I remained nearly constant despite changes in the sur-
face roughness Ra. If it is assumed that the friction coef-
ficient increases with an increase in the surface roughness, 
an increase of the friction coefficient might have reduced 
the shear stiffness k1.

It is not easy to simulate the surface roughness. However, 
if the differences in surface roughness can be assumed to be 
the differences in the friction coefficient, we can compara-
tively easily conduct FE analysis by changing the friction 
coefficient between the clamped plates. Thus, an FE analysis 
which varied the friction coefficient between the clamped 
plates was conducted for bolted joint I in Table 4. Figure 14a 
shows the effect of friction coefficient μ between clamped 
plates on the shear stiffness k1 in the FE analysis. Addition-
ally, Fig. 14b illustrates the behaviors of the proportional 
limit P1 of the tensile force versus the friction coefficient μ. 
In the simulations, since P1 for μ = 0.1 was less than 1.0 kN 
as shown in Fig. 14b, the shear stiffness k1 for just μ = 0.1 
was estimated to be between P = 0.1 and 0.6 kN.

Figure 14a shows that, while the effect of the friction 
coefficient μ on the shear stiffness k1 was not very remark-
able, the shear stiffness k1 increased slightly depending 
on the friction coefficient μ. The result of the FE model—
bolted joint I—agreed with the experimental results. The 
results indicate that although an increase in the friction 
coefficient μ could be expected to lead to an increase in 
k1, this was not the case. In Fig. 13, the shear stiffness 

k1 for bolted joint I did not change with an increase in 
surface roughness Ra, but k1 decreased with an increase 
in Ra for bolted joints III and IV. If it had been assumed 
that the friction coefficient μ increases with an increase in 
the surface roughness Ra, even for bolted joint I, the FE 
analysis would have predicted an increase in k1. However, 
the results of FE analysis were counter to the assump-
tion. Therefore, the results show that we cannot apply the 
assumption that the friction coefficient μ should increase 
with an increase in surface roughness Ra, in this case. For 
bolted joints III and IV, it is difficult to understand why the 
shear stiffness k1 decreased. Further research is therefore 
necessary to determine what caused the surface roughness 
to reduce the shear stiffness k1.

5  Conclusions

We investigated the deformation mechanism of bolted joint 
subjected to shear load and the effects of washer shape and 
several parameters on the shear stiffness of bolted joints 
in experiments and FE analysis. Our conclusions are as 
follows.

1. When shear force was repeatedly loaded and unloaded 
on the bolted joints, the shear stiffness in the first cycle 
was slight lower than that in other cycles, but the shear 
stiffness after the second cycle almost did not change. 
The proportional limits of shear force after the second 
cycle were higher than that in the first cycle. Conse-
quently, it is considered that we can increase the pro-

Fig. 13  Influence of surface roughness between contacting surfaces 
of clamped plate on shear stiffness of bolted joint
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portional limit at which the clamped plates start to slip 
by means of letting the mating surfaces of the clamped 
plates be running in before use.

2. It was seen that the shear stiffness depended on the 
clamp force experimentally and analytically. It was also 
seen that the proportional limits of shear force in the 
first cycle tended to depend on clamp force although the 
proportional limits in the experiments scattered widely.

3. The shear stiffness gradually increased with an increase 
in the size of the contact area between the clamped 
plates. But the increasing ratios of the shear stiffness in 
the experiments and FE analysis were slightly different 
in each contact area. The proportional limits were almost 
the same independent of the contact area.

4. The effect of the surface roughness between the clamped 
plates on the shear stiffness was not clear in the experi-
ments, but the shear stiffness slightly increased depend-
ing on the friction coefficient between the clamped 
plates in FE analysis. If it was assumed that the fric-
tion coefficient increased with an increase in the surface 
roughness, the results did not agree. Therefore, we have 
to continue the investigation with regard to the effect of 
the surface roughness.

5. The increase of contact area lets the inclination due to 
rotational deformation of the bolted joint decrease, and 
the decrease of the inclination lets the shear stiffness 
increase. Therefore, if we can decrease the inclination 
by considering joint positions, we can increase the shear 
stiffness except for increasing the contact surface. Since 
this can apply on the spot welding and so on, we are 
going to discuss joint positions and let the inclination 
decrease in the future step.
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