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Abstract: The paper aims at performing a comprehensive experimental study on the peculiar
properties of a bolted joint, and investigates the damping induced at different interfaces (between
flanges, bolt head/nut and flange, threads) during vibrations. A novel, simplified, single-bolt system
joining a two-beam structure is designed and tested. Experimental results under different boundary
conditions are presented, and the influence of the harmonic excitation force, as well as the bolt
tension, is investigated. The test results show how the contact interface between the clamped flanges
plays an important role in terms of frictional damping provided to the system during vibration,
while the contact interfaces between the head/nut and flange, and secondarily between the threads,
affect the system response at a less, but not negligible, extent. The test setup and test procedure can
provide a database to validate single bolt contact models to be included in a more complex structure.

Keywords: bolted joints; experimental test rig; clamping force; structural dynamics; friction
damping

1. Introduction

Bolted joints are widely used for the assembly of mechanical components to provide
continuity of the structure and transfer internal actions (i.e., forces and moments) from
one member to another. Typical applications of bolted joints can be found in aircraft
turbo-engines where bolted flanges are largely employed to connect turbine or casing
stages (Figure 1). The dynamical response of structures assembled by bolts is significantly
influenced by the damping due to friction at all the contact interfaces, i.e., those between
the two parts held together, the screw threads, and the interfaces between the bolt
head/nut and the parts (Figure 1c). In this regard, it has been proved that most of the
structural damping comes from the bolted joints instead from the material, especially in
structures made of metal [1]. Reported damping ratios for monolithic metallic structures
are small, typically between 0.0001 and 0.001, while the damping ratio of built-up
structures with joints is in the order of 0.01, with friction providing up to the 90% of the
total structural damping [2].

The dynamic behavior of built-up structures assembled by bolted joints, as well as
the structural damping resulting from the nonlinear behavior of the joints, has drawn the
attention of researchers since the early stage of the 20th century [3]. A series of
experimental investigations on either bolted flanges or bolted beams were reported by
Ungar [4], Beards [5], Masuko [6], and Gaul [7] et al. A usual comparison between the
one-piece structure and the equivalent built-up system proved that the main source of
damping is the joint instead of the material [8].
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Figure 1. llustration of bolted joints, (a) bolted flanges, (b) overlap joints, (c) the contact interfaces.

For instance, in bolted flanges, it has been observed that damping is mainly induced
by the partial contact area surrounding the bolt, which is limited with respect to a wider
potential contact area, due to the occurrence of receding contact. In this region, the contact
pressure distribution in the vicinity of the bolt hole rapidly decreases from the center
towards the outer region (Figure 2a) [9], causing the micro-slip [10]. An in-plane relative
motion at the contact interface will be responsible for the micro-slip in the regions where
the normal pressure is not large (Figure 2b) [11]. Under the action of a cyclic excitation,
the micro-slip involves energy dissipation and a reduction of vibration amplitudes.
Nevertheless, contact interfaces between the bolt head/nut and flange, as well as the screw
threads, might also provide a non-negligible amount of friction damping if certain
vibration modes are excited at resonance.
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Figure 2. Illustration of a bolted joint, (a) Qualitative representation of the pressure distribution [9],
(b) Sliding in the contact patch [11].

In this frame, the experimental tests play a crucial role in most of the published
studies, and various test rigs and experimental measurement techniques have been
developed in recent past years in several laboratories worldwide [12]. In most of these
tests, the relationship between the tangential force and the in-plane displacement is
investigated, in order to identify the hysteresis behavior and obtain the damping and
stiffness parameters of the bolted joint [13]. Quasi-static tests in bolted flanges on a
universal testing machine were carried out by Ferrero [14] and Abad [15]. However, due
to the simple experimental setup, no conclusions can be inferred from a dynamical point
of view. For this reason, in the Gaul resonator designed at the University of Stuttgart for
lap joints [16], the dynamic excitation was applied by means of an electromagnetic shaker.
A similar dynamic test rig called dumbbell oscillator, was developed at the Sandia
National Laboratories [12]. The test rig, which was also used by Maren and Ma et al. [17],
represents a common framework for several studies, since the identified hysteresis
parameters can be used to define the model of a joint under the action of tangential loads.
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However, the out-of-plane vibration of the bolted joint is ignored in these rigs, and the
influence of the normal relative displacement at the interface still needs to be investigated.

Vibration modes of real engineering structures are characterized by a complex
kinematics that unavoidably affects the relative displacements at the contact interface
between two jointed components. In this regard, the beam with shear lap joints may be
tested, assuming different boundary conditions (e.g., fixed-free [18], free-free [19]) to
excite different vibration modes. In the last few years, the Brake-Reufs beam has become
a reference academic-standard test rig for the investigation of the damping, contact
kinematics, and contact properties in bolted joints. Based on the Brake-Reufs beam, all the
aspects related to the effects of the applied boundary conditions [20], excitation and
measurement techniques [21], different control strategies [22], as well as variability and
repeatability [23] on the measurements of the system’s stiffness and damping properties,
have been investigated. Some other test rigs showing different bolts layouts and excited
vibration modes can also be found in the technical literature. Among these, it is worth
mentioning the beam assembly with regularly spaced bolts along the beam midline [24]
and the “54 Beam” [25]. Other test rigs were purposely developed for specific applications
to characterize the dynamical effect of bolted joints in real structures. For example,
Boeswald and Link [26] confirmed the nonlinear behavior induced by bolted joints in an
aero-engine casing, which was also tested by Beaudoin using a specially designed slip
table [27].

In this paper, a novel test rig for the identification of the stiffness and damping
characteristics of the bolted joints employed in flanges subjected to out of plane vibrations,
is presented. The test case consists of two beams clamped by one single bolt, which makes
the experimental setup simple and useful for a deep investigation of different
experimental parameters. The dynamic response of the bolted joint around the first
bending mode of the beams is detected, and the modal damping ratio is identified to
characterize the nonlinearity introduced by the bolt, for under different levels of harmonic
excitation and bolt tension. Furthermore, a similar test rig including one equivalent
monolithic beam is also used to separately investigate the influence of the bolt head/nut
contact interface on the forced response.

2. Rationale

The nonlinear dynamic behavior of a friction joint is affected by the amount of
tangential relative displacement at the contact interfaces. This suggests the importance of
the contact kinematics involved by the mode shapes for the analysis of the stiffness and
damping characteristics of the joint. The dynamical characteristics of a bolted joint are
studied on a beam-like experimental test rig whose flexural mode shapes resemble those
occurring at the bolted flanges of turbomachinery casings, where the out-of-plane (i.e.,
normal to the contact plane) vibration modes involve in-plane (i.e., tangential) relative
displacements of the contact interface.

The existence of traveling-wave vibrations in cylindrical-shell components of gas
turbine engines has been clearly demonstrated [28]. Typical traveling-wave vibration
modes of the casing with bolted flanges are shown in Figure 3a, where the cyclic
distribution of the bolts has not been considered. Figure 3b shows how the traveling-wave
propagates in the bolted flange, exciting the flexural mode shapes that become the main
responsibility of relative in-plane displacement at the contact interface.

The displacements of the two contact flanges are different in tangential direction due
to the flexural deformation of the system (Figure 3c), and the slip may start where the
relative tangential displacement is higher. The relative tangential displacement is different
at different positions, which can be explained by taking the flange included in the /2 h ~
t/h sector as an example. The out-of-plane displacement amplitude w0 is at position /2
h, but the tangential displacements are the same for two flanges, which means there is no
slip. As the position changes from m/2 h to mt/h, the tangential slip displacement increases
due to the flexural deformation, which reaches the maximum value at position rt/h.
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Figure 3. Deformation of the bolted flanges in vibration, (a) typical vibration modes of the bolted
casing, (b) vibration shape of the flange, (c) deformed geometry of the single wave.

3. Experimental Setup General Description and Design

The layout and geometric features of the test rig are shown in Figure 4. Two identical
rectangular beams (200 x 40 x 4 mm) are assembled by means of bolt (in this case, an M16
class 8.8 bolt is used). Four different contact interfaces result from the assembly: the
contact interfaces between the two beams, the interfaces between the bolt head (or nut)
and the upper (or the lower) surface of the beam A (or B), and the helical interface of the
threads.

In order to isolate the influence of the contact interface between the beams, another
test rig consisting of one 200 x 40 x 8 mm monolithic beam is also manufactured for
comparison purposes, as shown in Figure 4b. For both test rigs, the experimental
frequency response functions (FRF) were measured and compared, in order to separate
the nonlinear behavior associated with the small contact interfaces (i.e., the bolt
head/beam A, the nut/beam B, and the threads), from that related to the large contact
interface between the beams.

Bolt

. 8mm

Monolithic Beam

Figure 4. Comparison of the two experimental setups: (a) two-beam joint, and (b) one monolithic beam.

For a preliminary assessment of the joint stress state under static load, a finite element
(FE) nonlinear static analysis was carried out on the two-beam test rig in Ansys APDL.
Each contact interface was modeled in a standard configuration by employing the contact
elements CONTA174 and TARGE170 in the augmented Lagrangian formulation [29].
Pretension elements PRETS179 were also used to apply a reference tension preload of 10
kN at the bolt.

The nonlinear static analysis results are shown in Figure 5, where the magnitude of
the beams displacement along the bolt axis and the contact status at all the contact
interfaces are represented by the colormaps. The results show that the region of the beams
close to the bolt is tightly compressed, which leads to the sticking status of the contact
interfaces (red area regions in Figure 5b). The outer diameter of the sticking area was
estimated to be about twice the diameter of the bolt and it is fully included in the beams’
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0.111mm

L

width. A narrow sliding area (i.e., the orange region in Figure 5b) delimits the sticking
region from the remaining part where separation occurs due to the receding contact [30].
The result is a continuing divergence of the wide nominal contact surfaces up to the edges,
where the maximum clearance of 0.111mm (along the beam length, points L and R in
Figure 5a) was found.
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Figure 5. Nonlinear static analysis of the bolted joint, (a) displacements, and (b) contact status.

In order to investigate the vibration modes of the assembled bolted joint, a modal
analysis was carried out using the linearized model, where the boundary conditions were
set according to the contact status predicted as output of the nonlinear static analysis. As
the method given in Ref. [31], the full compatibility of the displacements in all the
directions is applied for the sticking area, the displacements compatibility in the normal
direction is applied in the sliding area, and no boundary conditions are used for the
separation area.

The first bending mode shape of both test rig was identified and used for the
identification of the experimental results (Figure 6). The mode shape shows two nodes at
the bolt’s sides and resembles a kinematics typical of the mode shapes of cyclic symmetric
bolted flanges. The natural frequency obtained for the test rig mounting the monolithic
beam was found much higher than that of the two-beam setup (854 Hz vs. 472 Hz).

Figure 6. Excited bending modes, (a) two-beam joint (472 Hz), (b) one monolithic beam (854 Hz)

4. Measurement of the Bolt Tension
4.1. Design of the Measurement System

For reliable and accurate monitoring of the bolt tension, four strain gauges were
glued in pairs on two diametrically opposite locations of the lateral surface of the screw,
which was previously modified by removing few threads beneath the screw’s head
(Figure 7). A Wheatstone full-bridge configuration was produced to measure the axial
load and compensate strains produced by a possible spurious bending load on the screw,
wires were led out from a small hole drilled at the top of the screw’s head. The HBM
Spider8 module and HBM Catman Express 3.1 acquisition software were used to process
the strain gauges data and monitor the strains caused by the screw elongation under the
application of a tensional load.
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Wires of strain gauge

Figure 7. The strain gauges glued on the bolt for the axial tension measurement.

4.2. Calibration of Strain Gauges

Before performing dynamical tests, the verification of the strain gauge calibration
was carried out by means of a simple tensile test of the bolt (Figure 8a). The bolt was
inserted on a metal block, and a lever system was used to multiply the pulling load caused
by the application of a dead mass M at one end. For a certain value of mass M, the expected
pulling load at the bolt can be expressed as:

Fop =M-g-LJl 1)

where the two quantities L and [ are the lengths of the lever arms and the ratio is a
multiplication factor of the force produced by the mass M. The actual pulling load
indirectly measured from the strain measurement can be written as:

Fupe =0-A=Ee-n(d/2)? ()

where ¢ is the strain measured by the Wheatstone bridge, E is the bolt’s material Young's
modulus (steel, around 200 GPa), and 4 is the screw diameter where strain gauges are
applied (13 mm). The results of the tensile test for 5 different values of M are shown in
Figure 8b, from which the linearity and repeatability of the test can be observed. The
measured tension preloads well agree with the expected theoretical values, which confirm
the accuracy and reliability of the strain gauges application.

2500 T T T
—=— Expected
—o— Test results
2000 4 i
Z 1500 -
=l
<
-
on
£ 1000 1
=i
[-»
500 B
0 T T T T
0 5 10 15 20 25
(b) Weight (kg)

Figure 8. The bending vibration, (a) two-beam joint (472 Hz), (b) one monolithic beam (854 Hz).

4.3. Correlation of the Axial Load and Torque

A torque wrench was used to apply the preload (Figure 9), as it was applied for the
dynamic test. In order to obtain repeatable results, the head of the screw was kept in the
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same position on the metal block using a wrench fixed in a specific position. The axial
loads measured by the strain gauges were compared with theoretical values obtained by
using the analytical formulation where the tightening torque is considered, and their
correlation was analyzed to assess the reliability of results.

Wires of strain gauges

Metal block

Nut f' | \\ﬁw :
A (Ai \.}\

eN_ /A
== ,

Figure 9. Setup to apply the tension preload through the torque wrench.

Method to apply the torque

The axial load generated by the torque-wrench is influenced by the friction occurring
at the head and the threads, and only a limited percentage of the tightening torque T is
spent to generate the tension preload assembly F,,,. The relations occurring between T
and F,,, can be expressed as follows [32]:

P d D
T =Tpp+ Tinr +Tp = Foxp [;T + W(za/z)ﬂth + Tbllb] 3)

where Ty, p is the thread pitch torque, Ty, r the thread friction torque, and T), the nut
friction torque, while the average diameter D, of the bolt head contact interface can be
expressed as:

Dy = (dout + din)/2 4)

with d,,; and d;, representing the nut outer and inner diameters, respectively.
Given the value of the measured torque T, F,,, can be obtained from Equation (3)
by using the parameters listed in Table 1.

Table 1. Bolt geometrical parameters.

Parameter Descriptions Value Unit
P the pitch 1.95~2.05 mm
dz pitch diameter of bolt 14.95~15.05 mm
dout nut outer diameter 22.95~20.55 mm
din nut inner diameter 17.95~18.05 mm
e thread friction coefficient 0.14~0.25 [33]
o screw head friction coefficient 0.19~0.25 [33]

Considering the presence of possible uncertainties in the bolt tension calculation,
mainly due to the definition of the friction coefficient, the bolt tension cannot be
represented by a single value corresponding to the applied tightening torques, but an
interval of values is needed (i.e., the grey region in Figure 10). The strain gauge
measurements reported in Figure 10 show a well-defined linear variation of the tension
preload within the expected theoretical interval, even after 8 consecutive tests. This result
gives confidence to the testing practice, which can therefore be considered consistent and
repeatable. In order to improve the test repeatability, the tensile load on the bolt is applied
with reference to measured strains instead of the applied torque.



Appl. Sci. 2021, 11, 5613

8 of 17

10,000 = T o = T T
--m-- Expected theory value .
Tested result Expected interval
Linear Fitting
8000 E
>
g 6000 E
2
en
£
= 4000 1
=¥
2000+ , ©y=236x-209.3 ]
z”y. Z
0+ . . . . T T T
0 5 10 15 20 25 30 35
(a) Torque (N*m)

10,000 T
---m--- Expected
—=— Test_1
80004 T Test_2
—4&— Test_3
—v— Test_4
—o— Test_5
6000 | » Test_7

®  Test 8

4000

Pulling load (N)

2000 A

Expected interval

5
Z

20 25 30 35

Torque (N*m)

Figure 10. Test results of the applied torque and corresponding bolt tension, (a) typical result and linear fitting, (b)

repeated tests.

5. Dynamic Tests and Analysis

5.1. The Excitation and Measurement Systems

The test rig setup (Figure 11) aims to simplify the structure as a one degree of freedom
system, in order to have a clean and direct measurement of the frictionally damped
response. For this reason, an electromagnetic shaker fixed on a test-bench provides the
dynamic excitation, which is measured by a force transducer screwed on one side to the
bottom surface of the screw and on the other side to the shaker. In this way, the only
constraint of the system is represented by the location of the input excitation that is
continuously measured and controlled during a force controlled, stepped sine test.

The system response is measured by an accelerometer glued at the outer surface of
the upper beam (i.e., the beam A in Figure 4) in the middle of the beam’s length. The strain
gauges used to assess the value of the static tension preload are also employed to monitor
the preload variation during the dynamical tests. Time-varying forces and accelerations
are collected and processed by the data acquisition system LMS TestLab. The force-
controlled stepped sine method was used to excite the bolted joint in a frequency range
containing the bending vibration mode detected by the numerical modal analysis. The
frequency response functions (FRFs) were obtained by exciting the bolted joint for 1000
cycles for each frequency step before control iterations are made, which ensures to obtain
the steady-state response and more robust control of the force.

Computer F§

Data Acquisition

System

Wires of dynamic|

< I
strain gauge

. <

Test-bed |

7 ﬁ]/ Accelerometer

The Bolted Joint

Force Transducer

Get the

e excitation force

[— ‘ Shaker _]

Figure 11. Experimental system for the dynamical tests of the bolted joint.

The bolted joint was tested under different controlled levels of excitation in order to
study the nonlinear behavior caused by the contact interfaces. The force control provided
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by the LMS TestLab can be graphically observed in Figure 12a, where the trend of the
controlled force vs. the excitation frequency is shown. The results show that the force can
be easily controlled if a tolerance no smaller than 10% (£5%) is set with respect to the
nominal values of 0.1, 0.3, 0.5, 1, 1.5 N excitation peak amplitude.

In order to check the repeatability of the test practice, the FRFs of three different tests
were obtained by using a 1 N dynamic excitation and 3 kN as the bolt tension (Figure 12b).
Although the test results show a negligible variation of the resonance frequency, the
amplitude of the response changes significantly after several test repetitions (N = 10)
performed at different excitation amplitudes, due to the settling of the contact status at
the interfaces. Nevertheless, two different aspects must be pointed out. First, the dynamic
response tends to be stable as the number of repetitions increases, including also a
variation of the dynamic excitation. Second, the FRFs evaluated in the third test session of
the figure (i.e, the tests Test M+l, Test M+2, M = 20) were obtained after
disassembly/assembly operations of the test rig, and the repeatability of the test
measurement is still verified.

1.8 T T T T
—ow ‘ ’ me=a
1.6 o Preload=3kN Test |
............... ‘ ]‘N ] 300 Excitation Force=1N Test 2
1.4 = ' 15N 266.9 — Test 3
=1 z = After N=20 cycles
= (with different excitation)
1.2 % 236.7 / — Test N+1
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B~ E‘ —— Test_M+2
0.6 <
e ] L 0
0.4 1 &
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, T ———
0.2+
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0.0 T T T 0 T T T T T
440 450 460 470 480 (b) 440 445 450 455 460 465 470
(a) Frequency (Hz) Frequency (Hz)

Figure 12. Verification of testing results, (a) the controlled force amplitude for the selected frequency
range, (b) repeatability check of the FRF measurements.

5.2. Comparisons with the Monolithic Beam

The two-beam bolted joint, as well as the monolithic beam, are tested under the same
loading condition for comparison purposes. Figure 13 shows the two FRFs averaged on
three repeated tests (bolt tension equal to 5 kN, excitation force amplitude equal to 1 N).

Z 400 — f
A 4Lz l——Two beamAJOI.nt Preload=5kN r‘. -
= —— one monolithic beam o 1

é 300 Excitation Force=1N !

g : |
é 200 1208.9 ] = = -‘mr— | lr

g \ " —f ‘

100 - i =

< i3 R N

3 i, 7
% (|

T T T T
400 4496 500 600 700 goo 8372 900

Frequency (Hz)

Figure 13. Comparisons of the FRF responses between two beams joint and one monolithic beam.

As predicted by the numerical simulations, the resonance frequencies of the two test
cases differ for about 400 Hz (449.6 Hz vs. 837.2 Hz for the two-beam bolted joint and the
monolithic beam, respectively). The experimental resonance frequencies are slightly lower
than the numerical ones (i.e., 449.6 Hz vs. 472 Hz and 837.2 Hz vs. 854 Hz, for the two-
beams and single beam test case, respectively), since the real constraints at the contact
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interfaces are not as ideal as happens for the fully bonded constraints used in the
simulation. Both FRFs appear to be slightly asymmetrical with respect to the resonance
peak, which suggests the presence of the nonlinear behavior of the bolted structures. It is
worth pointing out that such a nonlinear trend is also clear for the single beam test case,
where just the contact interfaces between head/nut and beams are present, as well as that
at the threads.

In order to test the nonlinear behavior of the two structures, a set of FRFs was
measured by varying the amplitude of the excitation, while keeping the bolt tension
constant and equal to 5 kN (Figure 14). In both cases, the resonance frequency and the
response amplitude decrease as the excitation force increases from 0.1 to 2 N, a typical
effect that is justified by the changing stiffness and damping due to the nonlinear behavior
of the structures during vibration. From a detailed look into the plots of Figure 14, it can
be noted a different ratio between the FRFs peak amplitudes corresponding to the highest
and lowest excitation force (i.e.,, 0.1 and 2 N, respectively). In particular, the FRF
amplitudes for the monolithic beam vary from 749.6 to 355.6 m/s?/N, corresponding to a
reduction of the peak response equal to 52%, which is smaller than the 67% obtained for
the two-beam bolted joint, where the acceleration amplitude decreases from 430.1 to 142.6
m/s?/N.

The damping induced at the contact interfaces seems to be much more sensitive to
the variation of the excitation force rather than the stiffness, since the frequency only
decreases from 453 to 449.2 Hz for the two-beams joint, corresponding to a 0.83%
difference. This result is probably due to the slight variation of the joint stiffness that
mainly depends on the sticking area, which slightly decreases when the force amplitude
is increased, while the thin sliding area varies proportionally more than the central
sticking area and produces an important variation in the peak response.

800

T T 800 T T T
g Excitation Force Excitation Force
700 RO ol 0.IN 749.6 Preload=5kN 0.IN
——0.3N One Monolithic Beam ——0.3N
Z 600 0.5N Z.600 - ‘ —— 05N
2 ——0.7N o «. —— 0N
- —— 1.0N —

E 500 Two Beam Joint I E s 1
o {01 — 15N 2 —— 15N
k= —— 2. [—
2 400 20N 240013556 ' 2N
£ : -

300 4 1 <
N 2
<3 2004
& 500 4 5200 i
- 142.6 ]

100 42

) \ 0 836 842.1
0 T = T T 780 800 820 840 860 880
(a) 400 420 1092953 4, 480 50( (b) F H
Frequency (Hz) requency (Hz)

Figure 14. Experimental FRFs influenced by the excitation, (a) two-beam joint, (b) one monolithic beam.

For the experimental identification of the modal damping ratio {, the rational
fraction polynomials method reduced to SDOF, was used in this study [34]. The variation
of the parameters { for a set of measurements obtained for a fixed value of the bolt
tension (5 kN) and different dynamic excitation amplitudes are shown in Figure 15. It can
be noted that the damping identified for the two test cases ({ =1 x 103~4 x 10-%) is much
larger than that of the metal (about 1 x 104~5 x 10-#) [35], which indicates that the frictional
damping induced at the contact interfaces is the main source of the structural damping.
The FRF for the two-beams setup shows a modal damping ratio ¢ larger than that
obtained for the monolithic beam. This proves how the contact interface between two
beams represents a source of the friction damping. However, the influence of the contact
interfaces of the head/nut-beam and threads contacts cannot be ignored. In fact, the FRFs
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obtained for the monolithic beam are characterized by a modal damping ratio that is
several times larger than that of the material.

0.004 : . : . : : —
—#— Two Beam Joint
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Figure 15. Modal damping ratios for different excitation force amplitudes (bolt tension =5 kN).

5.3. Results for Different Bolt Tensional Loads

Further tests were performed for the same set of excitation forces adopted in the
previous tests, by varying the bolt tension. The typical results are shown in Figure 16

where the systems are excited with 1 N excitation amplitude and a range of variable bolt
tension (1 ~ 9 kN).
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Figure 16. Experimental FRFs influenced by the bolt tension, (a) two-beam joint, (b) one monolithic beam.

The experimental results show that for both structures, the response amplitude and
natural frequency increase when the bolt tension increases from 1 to 9 kN. Numerical
simulations suggest that for a bolt tension reduction from 7 to 1 kN, a contact pressure
reduction takes place (Figure 17). This means that the smaller the bolt tension, the smaller
the friction forces needed to trigger the slip status at the contact interface when the
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structure is dynamically excited. Thus, for the same excitation force, a structure with a
smaller bolt tension features a higher amount of energy dissipated by friction.

From Figure 16, it appears that the FRF of the two-beams bolted joint is more
influenced by the bolt tension variation than those corresponding to the monolithic beam.
In particular, the response amplitude of two beams in contact increases from 44.7 to 310.1
m/s?/N as the bolt tension increases from 1 to 9 kN, corresponding to a change of the 594%,
while for the monolithic beam the increase of the peak response is 294.8% (from 166.9 to
658.9 m/s?/N as the bolt tension increases).
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(a) 0.769288

3858
2.30786

=_— —
3.07715 4.61573 10.7402 21.4805 32.2207 42.961
3.84644 5.3850: 16.1104 26.8506 37.5909 48.3311

I
6.15431 )
2 6.92359 (b) 5.37012

Figure 17. Contact pressure of interfaces under, (a) small bolt tension (1 kN), (b) large bolt tension (7 kN).

Similar to what has been observed on the effects of excitation forces, the FRFs peak
amplitude is much more sensitive to the variation of the bolt tension rather than the peak
frequency, which is caused by the greater variation of the damping induced at the sliding
area.

The influence of the bolt tension on the resonance frequency is larger than the
excitation force. In fact, by keeping the excitation force fixed and equal to 1 N, an increase
of the bolt tension from 1 to 9 kN generates an increase in the resonance frequency from
417 to 455.8 Hz for the two-beams joint system, corresponding to a 9.5% variation. The
response versus the resonance frequency are shown in Figure 18, where the plotted curves
refer to different bolt tensions and excitation amplitudes. The corresponding plots of the
FRF amplitude versus the excitation forces are given in Figure 19.
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Figure 18. FRF peak point under various condition, (a) two-beam joint, (b) one monolithic beam.

From Figure 18, it can be noted that the trends found for the response amplitudes
with respect to the excitation force, (increasing from 0.1 to 2 N) are similar to each other
for both test cases for the different bolt tension. The only exception is represented by the
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FRF obtained for the monolithic beam under 1 kN bolt tension. In particular, as the
excitation force increases from 0.1 to 2.0 N, the FRF amplitude first decreases until the
minimum corresponding to 0.5 N of excitation force is reached (Figure 19b), and then
increases for all the remaining excitation levels. In this case, i.e., when the contact preload
is small, sliding can occur at low excitation forces and be responsible for large energy
dissipation. On the other hand, if the excitation force is so large that significant relative
displacements occur at the contact interfaces, the energy dissipation might result in low
damping due to the inefficiency of the friction damping caused by the larger vibration
amplitudes.

T T T T 259, T ! i
so0{ *°'72 Preload 12004 N7 Preload
e b = 2kN —— kN
*—3kN|; 1000 2
Z 4004 5 * v SkN £ X e
% o kN| L \ " kN
E v TS i é 800 - -— ~ +— TkN|J
g 300+ < -i; )
= . =
= (=9
E -
—% 200 v & 177.6 <
[ . v * ]
= e v &
100 - . 1 T
‘).l .6 " - = : .
55.9 147.3
0 , , , : 0 . . . -
0.0 0.5 1.0 1.5 2.0 0.0 05 1.0 1.5 2.0
(a) Excitation Force (N) (b) Excitation Force (N)
Figure 19. Characteristics of the FRF amplitudes versus the excitation force, (a) two-beam joint, (b) one monolithic beam.
Figure 20 shows the trends of the modal damping ratio C identified using the rational
fraction polynomials method versus the excitation forces at different bolt tension. The
damping ratio increases as the excitation force increase from 0.1 to 2.0 N. However,
according to the results shown in Figures 18b, 19b and 20b, the variation of the modal
damping ratio of the one monolithic beam under the action of 1 kN bolt tension shows a
maximum value in correspondence of the minimum response. It can be concluded that
the contact interfaces between the two beams may represent an important source of
damping for the structure and all the other interfaces together produce a non-negligible
contribution to reduce vibrations.
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Figure 20. Influence of the excitation force on the identified modal damping ratio, (a) two-beam joint, (b) one monolithic

beam.

Figure 21 shows the response amplitude versus the ratio bolt tension/excitation
amplitude. It can be demonstrated that the response only depends on the specified ratio,
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if a friction joint can be properly simulated by means of a single macro-slip contact
element like the Jenkins element described in Ref. [36]. Since the curves in the figures do
not overlap, it can be concluded that the bolted joint shows a much more complex contact
behavior (where micro-slip is predominant) that needs specific contact modeling

formulation.
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Figure 21. FRF amplitudes versus the ratio of ‘Bolt tension/Excitation’, (a) two-beam joint, (b) one monolithic beam.

6. Influence of the Head/Nut Contact Area

Figure 22 shows the contact interfaces between the bolt head/nut and beams. For both
contact interfaces, the outer diameter is determined by the bolt size, while the inner
diameter of the contact area is limited by the hole’s perimeter. To study the influence of
the contacts bolt head/nut-beam, the hole diameter was increased from 18 to 19 mm,
resulting in a 22% decrease of the contact area (Figure 22b).

\\\ Q18— '
e i

Figure 22. Contact interfaces between the bolt head/nut and beams, (a) larger interfaces (hole diameter 18 mm), (b) smaller
interfaces (hole diameter 19 mm).

The new systems were tested as for the previous experiments, and the FRFs, as well
as the damping characteristics, were identified under the same loading condition (i.e., bolt
tension equal to 5 kN and excitation force of 1 N) on the two-beams test rig.

The experimental results given in Figure 23 show a different amplitude at resonance
as the extension of the contact area changes. In particular, the structure with smaller
interface exhibits a peak response that is significantly larger than that obtained with a
larger contact area (i.e., 332.5 m/s?/N vs. 208.9 m/s?/N). The reason for that can be found
in a larger contact pressure caused by a smaller contact interface under the same preload.
A larger excitation force is needed to overcome the friction force if the contact pressure is
higher, which enhances the tangential stiffness and increases the resonance frequency.
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The test results confirm the great importance the contact interfaces between the bolt
head/nut and the beams have on the dynamic response of the structure.
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Figure 23. Results for different hole size, (a) FRFs curves, (b) modal damping ratio.

The effects of different excitation forces and different preload on the dynamic
response of the bolted structures are shown in Figure 24. The influence of either the
excitation force or bolt tension on the measured FRFs is mutually consistent for the two-
beam structures. As the excitation force increases, the FRFs amplitude, and the resonance
frequency reduce in both cases (Figure 24a), while the same quantities increase with an
increasing bolt tension (Figure 24b). If the results are compared with those of a larger
head/nut contact interface, it is possible to see that an increase of the excitation force from
0.1 to 2 N causes a decrease in the amplitude of the 66.8% (i.e., 430.1 m/s*/N vs. 142.6
m/s*/N) with a large head/nut contact interface, and of the 56.4% (i.e., 542.6 m/s?/N vs.
236.7 m/s?/N) for the smaller head/nut contact interfaces, respectively.
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Figure 24. FRFs of bolted joints with small interfaces, influence of (a) excitation force, (b) bolt tension.

7. Conclusions

The dynamical characteristics of the bolted flanges during the out of plane vibration
were experimentally investigated in this paper. A new, simple test rig was designed to
highlight the nonlinear effect of a single bolted joint by controlling the bolt preload and
the excitation amplitude. The frequency response functions of the bolted structures, as
well as the damping, are studied, and the effects of the excitation force amplitudes and



Appl. Sci. 2021, 11, 5613

16 of 17

References

the bolt tension are analyzed. From the application of the test rig to different bolted joint
systems, the following conclusions can be drawn within the scope of this study:

(1) By comparing the dynamical characteristics of the two-beams bolted joint with
that of the monolithic beam, it can be proved frictional damping induced at the interfaces
between two flanges is the main source of the structural damping. Roughly speaking, the
contribution of the interfaces between flanges to the modal damping ratio is not less than
2/3 of the total.

(2) However, the nonlinear characteristic of the bolted monolithic beam clearly show
how the dynamical characteristics of the bolted structures are also affected by the other
contact areas of the joint (i.e., the interface between the head/nut and flange, or threads in
contact). Thus, the influence of other contact areas of joints also needs to be considered in
the study of the bolted structures.

(3) As the excitation force increases, both the natural frequency and the response
amplitude decrease nonlinearly, which can be explained by the nonlinear stiffness and
damping caused by the contact interfaces. Micro-slip is more likely to occur at the contact
interfaces as the excitation force increase, leading to more energy dissipation (i.e.,
damping) and lower tangential stiffness. Similar results are obtained by varying the bolt
preload.

(4) According to the experimental results of bolted beams with different contact areas
at the head/nut, the amplitude of the structure with smaller contact interfaces is higher
than that with larger interfaces under the same loading condition. The testing results
further proved that the contact interfaces between the bolt head (or nut) and the flange
has an important influence on the dynamic response of the structure.
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