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Abstract-In this experimental research, a set of tests was
conducted on single-lap bolted joints in terms of choosing
between two types of bolts and exploiting the optimal solution for
connecting samples. Then the effect of the tightening torque on
the mechanical behavior of single-lap joints was evaluated. Six
simple tensile tests were performed with different values of
torque and the results are reported.
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1. INTRODUCTION

The construction of a structure generally involves the
assembly of parts. Different assembly technologies can be
used: bolting, riveting, gluing, welding, or their combinations.
It is natural to assume that increasing the number of the
elements that contribute to the connection increases the
complexity of the structure as a whole [1]. The advantage of
bolted structures is their ease of installation [2-3]. This type of
connection concerns both metal sheets (aluminum, steel, etc.)
and composite sheets, with aluminum or steel bolt bodies. The
use of this type of structure requires the mastery of their
mechanical strength. Several previous works have focused on
the study of the mechanical characterization of bolted
connections. These studies have focused on several aspects,
including the following:

¢ The flexibility of the fixation.
e Load transfer.

e Stress concentrations.

e The effect of torque.

e The effect of the clearance between the bore and the body
of the bolt.
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e The different modes of rupture, etc.

This type of assembly has the interesting advantage of its
ease of realization (drilling of holes in the plates and mounting
of the fastener with or without washers). Moreover, the use of
bolted assembly implies that the maintenance of a mechanical
system is easier because we can repair or change the
component that cannot function properly without separating all
the parts of the structure. Moreover, this type of assembly
makes the transport and delivery of the components easier. The
bolted assembly allows minimizing the volume of finished
products. Nevertheless, the presence of the bore hole is the
weak point of this type of structure due to the concentration of
stresses which is often the main cause of crack initiation. The
dimensioning of this type of assembly must be based on
numerical behavior models that allow choosing and optimizing
the design parameters (dimensions), bolt and sheet (plate)
properties, tightening torque, number of bolts, spacing between
bolts, etc. that are optimal in terms of strength or stiffness.
Difficulty also lies in determining the load transfer rate
between the bolt and the plates. It is important to note that in
the case of complex three-dimensional structures containing a
large number of fasteners, the importance of nonlinearities
(behavior, contact) would quickly lead to excessive memory
and calculation time requirements [1].

Several research studies on bolted connections have
addressed the influence of torque on their overall mechanical
behavior under static and dynamic stresses [2]. Authors in [4]
have experimentally studied the mechanical strength of a bolted
composite plate connection subjected to tensile-shear stress by
analyzing the effects of the diameter of the washers and the
value of the tightening torque. Figure 1 shows that the increase
in the tightening is accompanied by the breaking stress, but the
configuration in terms of geometry of the sample is different in
our research. Authors in [5] carried out a numerical simulation
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of a bolted connection of aluminum plates of thickness e=2mm,
with three values of the tightening torque Cs= 1, 1.5, and 2kN.
It was shown that the elastic load increases with the value of
the tightening torque. Authors in [6] studied the caulking
around the fastener. The loss of preload and its influence on
stress distribution was studied in [7]. Authors in [8] studied the
multi-line structure of fasteners under mechanical and thermal
loading, taking into account several parameters such as
clearance, friction between plates and transferred load. The
analytical solution of this study is based on the principle of
virtual powers. Recently, authors in [9] studied the bolted joint
in uni-axial tension, using two models, the first one based on
Latham and Crockoft energy, and the second one based on
Gurson continuous damage. It was shown that the behavior of
the structure is composed of 8 phases: linear elasticity of the
material, sliding of the sheets corresponding to the bore/bolt
clearance, matting phase, linear elasticity phase of the
structure, plasticization phase around the substrate bores, stable
and then unstable cracking phase which ends in rupture. It was
found that if the tightening torque is low, the slippage appears
earlier.

In the work presented in this paper, we have studied the
influence of the tightening torque and the bolt material
(hardened and galvanized steel) on the strength of single-lap
bolted connections through experimental tests. Predicting
failure mode in steel connection is a complicated task,
requiring knowledge of stress distribution in the connection and
understanding of different failure modes with different loading
configurations. It is very difficult to model the complicated
failure mechanism by analytical methods [10].

II.  MATERIAL

The material used is galvanized steel grade H300LAD+Z.
Figure 1 shows the elasto-plastic stress-strain curve behavior of
the steel. Such materials are characterized by increased
mechanical strength and the ability to resist static and shock

[11].
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Fig. 1. Typical load-displacement curve of a specimen.

The mechanical characteristics (Table 1) of the base metal
such as yield strength oce, ultimate tensile strength ou,
deformation €, and Young's modulus E were obtained from the
curve in Figure 1.

TABLE 1. MECHANICAL CHARACTERISTICS
Tensile test Characteristics
result ce [MPa] ou [MPa] E [MPa] g[%]
Value 410.12 580.22 210317.9 0.195

III.  BOLTS USED

The type of bolts used is hexagonal head steel (Figure 2).
For the bolts, the quality class is symbolized by two numbers.
The first is one hundredth of the minimum tensile strength or
[MPa] of the material and the other is 10 times the ratio
between the minimum yield strength (ce) and the breaking
strength Rr. The first series of bolts used are made of 4.8
galvanized steel with yield strength, ce = 320MPa and breaking
strength or = 400MPa. During the tightening operation with the
minimum tightening torque (C=19Nm) the wear of the bolt
threads is obtained (Figure 3). The second series of bolts used
are made of hardened and tempered steel at 400°C of class 8.8
M5-20-10 (Figure 2), whose dimensions are: Nominal diameter
5.8mm, pitch: 0.8mm, or ~ 800MPa, and ce =~ 640Mpa. The
hexagonal nut MS - 10, is characterized by: Minimum tensile
stress ~800MPa, yield strength oe = 640MPa, pitch = 0.8mm,
and thickness = 4.6mm. The flat washer is made of ordinary
steel and has the following dimensions: Minimum diameter =
6.5mm, maximum diameter = 12mm, and thickness = 1.6mm.

Fig. 2. Bolt symbolization.

Fig. 3. Wear of the zinc-plated steel bolt (4.8).

Oil-hardened steel bolt.

Fig. 4.
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IV. EXPERIMENTAL PROCEDURE

A. Test Specimens and Machine

When installing an assembly (bolt + washer + nut), it is
essential to apply an appropriate tightening torque. This
tightening torque is used to tension the bolt in order to keep the
elements in contact. A torque wrench of ECO BUDGET brand
- 19-110 NM -1/2in was used (Figure 5). The thickness of the
sheet metal is 2mm. The types of specimens were tested as a
single lap joint (Figure 5). Six values of tightening torque were
used: 19, 25, 30, 33, 36, and 39N.m. In order to avoid the
effects of friction with the nut of the bolt, a support washer was
placed. The most frequently used single-bolt specimen is the
Tension-Shear (TSS) specimen (Figure 6). The geometry of
tensile-shear specimens is defined by [12, 13].

PR
>
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Fig. 5.

Torque wrench ECO BUDGET.

Fig. 6. The studied configurations.

In this case, the bolt is stressed mainly with shear, but this
stress is not pure. A bending moment is induced that tends to
cause the plates to bend and deflect (Figure 7). It has been
observed that the point of higher concentration of stress was in
the first threads of the screw, near the screw head, whatever
load was applied [14].

Fig. 7.
spacing).

Single lap joint loaded in tension-shear (sheet deformation -

B. Influence of Torque

At the beginning of the tensile test of the assembly and the
movement of the pieces on each other, the two influential
parameters are the coefficient of friction and the torque. The
first one is influenced by the surface condition and lubrication
of the parts. The greater the clamping force, the greater the
tensile force will be to obtain a relative displacement of the two
substrates. In order to find the influence of the tightening
torque, we performed tensile tests using 6 tightening torque
values: 19, 25, 30, 33, 36, and 39Nm, on a specimen with a bolt
fastening. The substrates have a bore diameter of 6mm
corresponding to a clearance of 0.2mm. The test results are
presented by the load-displacement curves in Figure 8. For the
high torque M=40Nm, the thread was damaged by rotation and
the high torque power which produced heat and damaged the
structure (Figure 9). Figure 10 shows the maximum load that
the connection can support for different torque values. We
notice that the optimal results are for the tightening torques of
25 and 30Nm. This is because the tightening torque mainly
influences the elastic phase before sliding and the maximum
level of load [2-17]. The tightening torque has been correctly
introduced by applying local compression to the substrate and
by pulling the bolt, thus allowing the prestressing forces to be
introduced into the substrates [17].
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Fig. 8. Tensile curve load — displacement for 6 values of torque.
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Fig. 9.

Thread breakage.
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Fig. 10.  Variation of maximum load vs of torque.

C. History of the Damage Mechanism of a Bolted Assembly

The mechanical strength of bolted connections has been the
subject of several studies. Studies related to the mechanical
strength in tension-shear, dynamics, fatigue, etc. can be found
in the literature [2-9]. This work has been undertaken with the
objective of identifying the chronology of fastener damage.
Figure 11 shows the evolution of the applied load as a function
of the total displacement of the structure.
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Load vs displacement of a bolted assembly.

Figure 11 highlights different phases of accommodation of
the connection: (1) friction and sliding of the sheets, (2) elastic
transfer, (3) plastic transfer phase of secondary bending, (4)

pull-out of the element and breakage of the connection. From
the knowledge of the different zones it is possible to deduce the
stiffness of the bolted connection K, the elastic limit of the
joint, and the breaking load.

D. Breaking Mode and Edge Effect

In these tensile experiments that produced a shear stress, the
process was performed according to the standard and all
recommended conditions for this type of test, so the results
(Figure 12) were in agreement with the literature used in the
field of assemblies (shear stress and peel). Figure 13 shows the
failure modes for tightening torques of 19 and 39Nm. We note
that the failure occurred at the bolt, by shearing with a small
displacement at the level of the structure of 5.6mm for
M=39Nm and 6.3mm for M=19Nm. The maximum torque
creates torsion in the bolt diameter, which means that the bolt is
damaged before the tensile test. The low value of the torque
M=19Nm does not create the necessary adhesion for the
structure [18].

Fig. 12.  Mixed tensile-shear failure mode.

M=39Nm

Mode of rupture for M=19Nm and M=39Nm.

M=19Nm

Fig. 13.

M=33Nm M-36Nm

Fig. 14.  Mode of rupture for M=33Nm and M=36Nm.

For torques M=33Nm and M=36Nm, it can be seen from
Figure 14 that the strength is comparable with respect to the
torque M=19Nm, but the displacement is significant with
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respect to the latter; because the large value of the torque gives
a clear adhesion between the substrates [15-19], so we have a
mixed traction-shear failure mode.

For torques M=25Nm and M=30Nm it can be seen from
Figure 15 that the resistance is high compared to the other
torques. In this case, the mode of failure is acceptable [15-17],
which means the deformation occurs at the bolt hole, and the
bolt was not broken by the tensile operation.

Fig. 15.  Mode of rupture for M=25Nm and M=30Nm.

It can be seen that the mode of failure is ductile because of
the presence of the cups in the majority of the fracture surface.
Figure 16 shows the failure faces of the bolts. It is noted that
the failure mode is ductile because of the presence of cups in
the majority of the failure surface. The fracture face (which
may also be located under the head of the bolt) has a grainy
appearance which may be distributed at several levels of the
threaded part. There is a generally localized break on the
threaded part of the bolt. This rupture follows a plastic
deformation of the material.

Faces of bolt failure.

Fig. 16.

V. CONCLUSION

The indispensability of knowing the properties and
mechanical characteristics of the components before any

construction or assembly obliges us to always develop our
instruments and means of calculation, testing and even control
when it comes to the use of standardized components such as
bolts. At the end of the work carried out within the framework
of this article, which deals with the study of the rupture and
damage of a bolted assembly made of thin sheets of thickness
e=2mm in galvanized steel, we conclude to the following:

e The nature of the material of the bolt has an overall
influence on the behavior of the structure (type of steel).

e The correct torque for the connection extends its service
life, so it the value of the torque applied to the bolt must be
carefully selected, because it has an obvious impact on the
modification of the behavior of the structure and thus
exceeds the danger from the point of view of fracture
mechanics.
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