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ABSTRACT

Frictional contacts are a major source of uncertainty in the
correct prediction of the dynamic response of built-up structures.
This uncertainty is partially due to a limited understanding of the
effects of friction on dynamic responses. Vice versa, dynamic re-
sponses can also affect the frictional behaviour of the interfaces
in contact.
In the present study, the mutual relationships between frictional
behaviour and structural dynamics are investigated by means of
a high frequency friction rig. The rig is characterised by a sim-
ple and localised frictional contact that is needed to accurately
measure hysteresis loops. Of course, the rig also has its own
dynamic response, and consequently represents an excellent test
case to gain a better understanding of the correlation between
hysteresis loop shapes and their effect upon the dynamics.
Impact hammer tests and shaker tests were performed on the fric-
tion rig, and lead to changes in the damping and stiffness of its
dynamic response, which were linked to variations in the fric-
tional behaviour of the contact. Furthermore, there was some
indication as to how certain resonances of the system might
strongly affect the frictional behaviour. In particular, it was ob-
served that full sliding causes excitation of structural modes that
in turn lead to distortions in the measured hysteresis loops.
These findings confirm the strong relationship between friction
and dynamics, thus highlighting the necessity to include a de-
tailed frictional description of contacting interfaces for more ac-
curate modelling of the dynamics of built-up structures.

*Address all correspondence to this author.
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INTRODUCTION

Friction is a major source of uncertainty for the prediction of
the global dynamic response of built-up structures such as turbo-
machinery [1-3]. Among the many frictional contacts in a turbo-
machinery, the most relevant are those used in turbine blades for
damping purposes such as contacts due to friction dampers [4-8],
blade roots [2,9, 10] and shrouds [11, 12]. These contacts have
an heavy impact on the dynamic response in terms of shifts in
frequency and changes in vibration amplitude [13—-15]. Such
changes might induce unwanted stresses in the structure, which
could eventually lead to high cycle fatigue failures of compo-
nents [2,3]. Therefore, predicting the local frictional response
is an essential step to get more accurate dynamic simulations of
forced responses.

Most of the current modelling techniques replicate the frictional
behaviour by means of the friction hysteresis loop [16], which
is the load-deflection curve obtained when plotting the friction
force versus the relative tangential displacement occurring be-
tween the contacting interfaces. Hysteresis loops are needed to
characterize the different frictional regimes, e.g. stick, microslip,
gross slip and separation, as these strongly impact the dynamic
response.

Unfortunately, contact models need several input parameters to
correctly represent the frictional regimes. Friction rigs are still
required to measure most of these contact parameters [17-20],
because current friction models are not predictive and need to
be tuned against experiments [14, 21-23], thus leading to de-
signs less accurate and more expensive in terms of time and
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cost. In addition, a significant amount of uncertainty is also in-
troduced by the large number of nonlinear sources [24,25], mis-
tuning [4, 26, 27], wear [13], manufacturing tolerances, mount-
ing [10], etc.

For all these reasons, the impact of friction joints on the dynam-
ics becomes quite complicated to predict. It would then be help-
ful to have a simple structure with only one localised friction
joint, so that the effect of friction alone can be observed and thus
the hysteretic behaviour can be easily linked to the dynamic re-
sponse, as already performed in [13] in the case of fretting wear.
In this paper, the high frequency friction rig [28] built in the Dy-
namics Group of Imperial College London is analysed to this
purpose. The rig is a relatively simple structure with only one
localised friction joint. The simple joint allows to easily get in-
sights on the mutual correlations between hysteresis loops and
structural dynamics, with the final goal to obtain more accurate
and reliable modelling techniques.

First, the rig setup is shown. Then, the effects of friction on the
dynamic response of the system are presented, confirming the
existing knowledge and providing some insights for an effective
on-site system characterization. Finally, the effects of the system
dynamic response on the frictional behaviour are shown, reveal-
ing the physical origin of some of the features of the friction
hysteresis loops before unknown.

EXPERIMENTAL SETUP

The high frequency friction rig [28] built in the Dynamics
Group of Imperial College London is here used to investigate the
correlations between hysteresis loop and dynamic response.
The rig has been built to measure friction input parameters used
in nonlinear dynamic analyses for aeroengine and turbomachin-
ery applications. It is characterised by a localised frictional con-
tact needed to accurately measure hysteresis loops. Hysteresis
loop are the typical load-deflection curves obtained when plot-
ting the friction force versus the relative tangential displacement,
as that in Fig. 1. It is known that hysteresis loops strongly affect
the dynamic response of structures [1], and here the dynamic re-
sponse of the friction rig is studied in detail to experimentally
quantify the effects of different hysteresis loop shapes.

Description of the Friction Rig

The friction rig generates an unidirectional oscillating slid-
ing motion between two cylindrical specimens with a flat-on-flat
square contact as those shown in Fig. 2A. A photo of the friction
rig is shown in Fig. 2B. The rig is composed of a moving block
and a static block. The moving block consists of a moving mass
connected to a moving arm by a knife edge, which is needed to
avoid any bending resulting from the application of the normal
load. The moving mass is excited by means of a shaker, which
generates a harmonic excitation. This mass is connected to the
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FIGURE 1. Typical hysteresis loop measured from the friction rig
[13].

ground by means of two leaf springs that are very flexible, thus
allowing large horizontal displacements. A top moving specimen
is clamped to the moving arm and slides against a bottom static
specimen which is clamped to the static arm.

The relative displacement between the specimens is measured by
means of two Laser Doppler Vibrometers (LDVs) that measure
velocities, which are integrated to obtain displacements. Laser
points are focused very close to the contact interfaces (less than
1 mm away) by means of mirror laser guides, as shown in Fig.
2A. Such a close position to the contact provides accurate dis-
placement measurements without large influences from the bulk
material deformation.

The friction force transmitted through the contact is measured
with three load cells that clamp the static arm to the ground. A
continuous contact is ensured by applying a normal load with a
pneumatic actuator. The load is transmitted by means of push
rods that push specimens against each others.

The rig has been designed to minimise the effect of all the joints
except the localised frictional contact at the specimen interfaces.
A well controlled sliding motion is achievable by means of a dis-
placement control system that varies the excitation force of the
shaker. Usually experiments are performed under a harmonic
excitation of 100 Hz, as this frequency leads to high quality hys-
teresis loops. Normal loads can be applied up to 500 N and a
maximum relative sliding distance of 150 um can be achieved.
Specimens can reach flat-on-flat nominal areas of contact up to
25 mm?. The rig is able to generate high quality hysteresis loops,
which are the essential tools to correctly identify the frictional
behaviour of contact interfaces [16], as is well described in the
next section.
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FIGURE 2. A) Specimen interfaces [29]; B) Photo of the friction rig [17].

Description of Frictional Behaviour

The friction rig generates an oscillating sliding motion that
results in hysteresis loops at the specimens’ contact interfaces.
Here, the physics of the hysteresis loop is briefly described to
later understand how the different loops lead to different dynamic
responses. A typical hysteresis loop measured from the friction
rig is shown in Fig. 1. The loop shape depends on the contribu-
tion of the following frictional regimes:

e Stick regime occurs right after the reversal in the sliding
direction. In this regime, the friction force is linearly related
to the relative displacement by the tangential contact stiff-
ness k;. The tangential contact stiffness is evaluated from the
slope of this linear behaviour and is due to the elastic defor-
mation of the micro-asperities at the contact interfaces [30]
and to the bulk elastic deformation at the macroscopic con-
tact scale [31]. The contact stiffness is an important param-
eter to predict since it might strongly affect the resonant fre-
quencies of the system [14].

e Microslip occurs during the transition between the stick
regime and the gross slip regime, and is due to a partial slip
at the contact interfaces. It appears with a progressive flat-
tening of the friction force, which becomes constant during
full sliding [1].

e Gross slip occurs when the whole contact experiences a
full relative sliding motion. A constant friction force is
transmitted and is equal to uN, where u is the friction coeffi-
cient and N is the normal load. Due to the friction force, the
hysteresis loop dissipates energy, which can be quantified by
the area inside the loop itself. This dissipated energy is an
important parameter to predict since it affects the damping
of the system and the wear of components.

e Separation occurs when the normal load becomes zero and
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contact interfaces detach. In this case, no friction force is
transmitted, but energy could still be dissipated due to im-
pacts. The hysteresis loop will consequently show a 0 N
friction force because the interfaces are not in contact.

It is important to be able to accurately predict the frictional
regimes of the hysteresis loop, as they strongly affect the dy-
namic responses. For example, the energy dissipated affects the
damping, while the width of the hysteresis loop (i.e. the sliding
amplitude) affects the system stiffness. Those effects are dis-
cussed in the following sections.

Description of Rig Dynamic Behaviour

Before showing the correlations between hysteresis mea-
surements and dynamics, it is important to show the dynamic
behaviour of the friction rig. The rig dynamics has been pre-
liminarily modelled by means of a simple 2 degrees of freedom
(DOFs) lumped parameter model, which replicates the two main
sliding modes of the friction rig. This model is a simple tool
needed to facilitate the understanding of the effects of friction
on the dynamics and has been first used in [13], where the effect
of friction and fretting wear have been numerically simulated
and experimentally validated.
Here, this lumped model is validated by a series of hammer
tests, which were chosen because they are fast, easy to conduct
and can capture instantaneously a large number of modes.
The hammer campaign is shown Fig. 3. The test rig has been
dismantled to measure it piece by piece for an easier parameter
identification. Hammer impacts at 100 N were performed on the
back of the moving mass. The response amplitude was recorded
with accelerometers. A frequency resolution of 0.2 Hz was used
for the data acquisition and for the calculation of the Frequency
Response Functions (FRFs).
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FIGURE 3. Hammer test campaign to evaluate the rig dynamic behaviour: A) moving mass alone; B) moving arm freely suspended on one end and
attached to the moving mass on the other end; C) assembly with a very large normal load, which guaranteed a full stuck configuration.

The campaign consisted of the following phases:

Fig. 3A) The FRF of the moving mass solely with the leaf
springs was experimentally obtained. Only a single mode
appeared below 3000 Hz, suggesting that the moving mass
could be modelled as a IDOF system with a mass, m, due
to the moving mass weight, and a stiffness, k;, due to the
deflection of the leaf springs. The leaf springs were in fact
designed to allow large horizontal motions. The leaf spring
stiffness was calculated from the experimental resonant fre-
quency, fi, and the known mass of the moving mass using
the following formula: k; = m; - (270f1)?. The damping ratio
of this mode was obtained with the half-power bandwidth
method [32] from the experimental FRF. Table 1 shows a
summary of the lumped parameters obtained from the ham-
mer campaign, and Fig. 3A shows experimental setup, FRF
and lumped model.

3B) The moving arm was then attached to the mass by
means of a knife edge at one end, and on the other end was
freely suspended via a fishing wire. A new impact test was
performed, and three modes appeared in this new configura-
tion, with two of them representing the in-phase (40 Hz) and

Fig.
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Fig.

out-of-phase (2500 Hz) horizontal motion of moving mass
and moving arm. The mode at 700 Hz is an in-plane lateral
rotation of the moving arm (see Fig. 3A for the nomencla-
ture on the motion’s convention).

The knife edge stiffness, k», was obtained by fitting a 2DOF
model to the modes at 40 Hz and 2500 Hz from the exper-
imental FRF (keeping unchanged the known values m,m;
and k1). The damping ratio for this mode was obtained again
with the half-power bandwidth method [32].

It is to be noted that the out-of-phase mode at 2500 Hz is
split into two peaks (one at 2000 Hz) due to a weak non-
linearity induced by a bolted joint that connects two pieces
of the moving mass. This nonlinearity is small compared to
the nonlinearity induced by the frictional contact and for this
reason is not accounted for in the 2DOF model, as shown in
the next sections.

3C) The moving arm was then laid on the static arm and a
large normal load of 240 N was applied to ensure that speci-
mens would stay stuck together during the hammer impact at
100 N. No new modes appeared below 3000 Hz, and there-
fore the rig could still be modelled as a 2DOF system. The
first mode however shifted from 40 Hz to 200 Hz. This in-
crease in the resonant frequency was due to a stiffening of
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TABLE 1. 2DOF lumped model of the friction rig.

Moving mass my 21.2kg
Moving arm my 1.2 kg
Leaf spring stiffness ki 1.4 N/um
Khnife edge stiffness ky 273 N/um
Damping ratio of 1 mode m 0.6 %
Damping ratio of 2"¢ mode m 1.5 %

the system because of the connection to the static arm. In
fact, the normal load stiffened the system due to the locking
of the contact interfaces (i.e. hysteresis loops were com-
pletely stuck).

This stiffening was modelled by adding a stiffness k3 on the
moving arm. This stiffness is the overall stiffness of the
joint and heavily depends on the shape of the hysteresis loop.
Since the focus of this investigation is on joint stiffness ef-
fects rather than accurate amplitude prediction, the damping
due to friction has been neglected in the model at this stage.
However, the effect of damping has already been described
in detail in [13], where a contact model able to directly repli-
cate hysteresis loops has been successfully used in conjunc-
tion with the 2DOF model, instead of the here presented k3
approach.

Finally, it should be noticed that the static arm is considered
as the ground in the lumped model, since its response (green
curve) is more than one order of magnitude lower compared
to the moving arm, and therefore can be neglected in the
lumped model.

This section shows a description of the friction rig, with a partic-
ular interest on its lumped model and dynamic behaviour. A good
description of the dynamic behaviour is in fact needed to better
understand the effects of friction. The next section shows that
the dynamic response is strictly related to the type of frictional
regimes (i.e. stick, microslip or gross slip). In particular, the first
mode (40-200 Hz) will be analysed more in detail, because it is
expected to be the most affected by the frictional contact, since
it is in the sliding direction.

EFFECTS OF HYSTERESIS LOOPS ON THE DYNA-
MICS

The aim of this section is to link the dynamic response of
the friction rig to the hysteresis loop variations at the contact
interface. For this reason, hysteresis loops were measured for
different loading conditions under a 100 Hz harmonic excitation
coming from the shaker. After these hysteresis loop recordings,
hammer tests were performed to get information on the rig’s dy-
namic behaviour. The measured hysteresis loops were then asso-
ciated with changes in the dynamic behaviour of the friction rig.
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FIGURE 4. Effect of the normal load on hysteresis loops measured at
a 100 Hz harmonic excitation. The transition from stick to microslip to
gross slip is visible as the normal load decreases.

Effect of Normal Load

A first test was conducted to investigate the effect of the nor-
mal load on both hysteresis loops and rig dynamics. Hystere-
sis loops were measured at a 100 Hz harmonic excitation with a
fixed sliding distance of 5 um and varying normal loads. Speci-
mens were made of stainless steel with a flat-of-flat square nom-
inal contact area of 1 mm?.
Figure 4 shows that a transition in the frictional regime appears
as the normal load changes. At low normal loads, loops are in
the gross slip regime because the sliding limit is small enough to
allow full sliding. As the normal load increases, the gross slip
reduces until only microslip is present and loops go towards a
full stick regime. These changes in the frictional regime strongly
affect the dynamic response, and the following dynamic analysis
proves it.

Hammer tests were conducted with hammer impacts of
100 N on the back of the moving mass as shown in the exper-
imental setup of Fig 3C. The response was measured with an
accelerometer placed on the moving arm in the sliding direction
and different normal loads were investigated. FRFs are shown in
Fig. 5. For each normal load, 3 different impacts were performed
in order to check the repeatability. Measurements were repeat-
able in terms of both resonant frequencies and damping, despite
the high degree of nonlinearity introduced by the frictional con-
tact.
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FIGURE 5. FRFs of the friction rig obtained from hammer tests performed at different normal loads and 100 N of excitation impacts.

It is clear that the first mode shifts from 40 Hz at very low

by more than 10 times due to friction energy dissipation.

normal loads to 200 Hz at very high normal loads. This is due to However, it must be noticed that the investigated structure is
the different frictional regimes activated by the different normal a special test case designed purposely to only exhibit non-
loads: linearities due to a localised frictional contact.

e At low normal loads (N < 20 N), the hammer impact
(100 N) is large enough to ensure large sliding. However,
the energy dissipated is reduced due to the small friction
limit, thus resulting in small damping. The extreme case
is achieved for a 0 N normal load that is the situation of no
contact, with no dissipation at all, and hence a “free peak”
at 40 Hz.

e At high normal loads (> 200 N), only microslip or full
stick is present due to the large friction limit compared to
the hammer impact (100 N). This leads to very small en-
ergy dissipated and hence almost no damping that results in
a definite “’stick peak” at 200 Hz. The resonant frequency
increases because the joint is stiffer (as it is not sliding) and
the whole system is thus stiffened.

e At medium normal loads (40-120 N), the energy dissipa-
tion is maximised thus resulting in very high damping with
almost no clear peaks visible in the FRFs.

o The shifts in frequency and damping are interestingly sim-
ilar to the behaviour observed in friction dampers applied in
turbine blades [8,14,21,23], as both rig and friction dampers
exhibit the transition from a "free peak” to a “’stick peak”.

e The friction rig is used for hysteresis loop measurements
usually recorded at a 100 Hz harmonic excitation. Before
the dynamic analysis, it was thought that 100 Hz was an off-
resonance value, since the measured hysteresis loops were
stable and easily controllable. However, from Fig. 5 it is
clear that for some normal load conditions the rig resonance
can be at 100 Hz, even though with a highly damped peak
that indeed hides the resonance.

These results confirm the existing knowledge on the effects of
the normal load on both hysteresis loops and dynamic response.
The normal load is one of the main factors affecting friction and
dynamics, but it is not the only one. Another important factor
is the sliding amplitude, and its effects are discussed in the next
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These results confirm that different frictional regimes strongly section.

affect both resonant frequency and damping of systems with fric-

tion joints. In particular: Effect of Sliding Amplitude and Excitation Force

e Large frequency shifts of more than 5 times were observed A second test was conducted to investigate the effect of the

due to the frictional regimes transitions. Also damping sliding amplitude on both hysteresis loops and rig dynamics.

changes were observed, with resonance amplitudes dropping Blue plots in Fig. 6 are hysteresis loops measured at a 100 Hz
VO11T30A021-6 Copyright © 2020 by ASME;

reuse license CC-BY 4.0



80 80 80 80
0 A) Stick loop: 60 B) 60 C) 60 D) — Friction Force
f,=200Hz .
40 40 40 40 — Excitation Force
20 20 20 20
0 / 0 0 0
20 -20 20 20
-40 -40 -40 -40 o
Phase 90°:
= 60 -60 60 60
Z ©=0° ©=20° ©=50° ©=90° f,=f,=100Hz
-80 -80 -80 -80
8 -0.01 -0.005 0 0.005 0.01 -0.01 -0.005 0  0.005 0.01 0.01 -0.0056 0 0005 0.01 -0.01 -0.0056 0 0.005 0.01
5 80 80 80 80
(@] - .
L g E) 60 F) 0 G) 60 Gross slip loop:
f,=40Hz
40 40 40 40
20 20 20 20
0 0 0 0
20 20 20 20
-40 -40 -40 -40
60 -60 60 -60
©=110° p=130° ©=150° ©=170°
-80 -80 -80 -80
-0.01 -0.0056 0 0.005 0.01 -0.01 -0.005 0 0.005 0.01 -0.01 -0.0056 0 0005 0.01 -0.01 -0.006 0 0.005 0.01
Rel. Displ. [mm]

FIGURE 6. Effect of sliding distance on hysteresis loops (blue plots) and excitation force (orange plots). ¢ is the phase between the excitation force
and the displacement. The resonant frequency of the first mode shifts from 200 Hz to 40 Hz as the sliding distance increases.

harmonic excitation with a fixed normal load of 40 N and vary-
ing sliding amplitudes. During the hysteresis recordings, also
the sinusoidal excitation force from the shaker was recorded and
plotted versus the relative sliding distance (orange plots).

The orange plots give insights on the rig dynamics, since they
give information on the phase between input force and output dis-
placement. The phase can be visually estimated from the shape
of the excitation force-displacement plots. In fact, since both ex-
citation force and displacement are sinusoidal waves, they will
generate a line if their phase is zero, a circle when the phase is
90° and another line (with opposite inclination) when the phase
is shifted by 180°. In addition, for every plot in Fig. 6, the exact
phase, ¢, is shown, which has been extracted from the compar-
ison between the time signal plots of excitation force and dis-
placement (here not presented).

The trend of the phase of Fig. 6 is explained as follows:

e When the excitation is low, the plot is a line (Fig. 6A) and
the phase, @, between force and displacement is zero.

e For a medium excitation, the orange plot becomes a circle
(Fig. 6D), i.e. the axes of the phase orbit are oriented in the
vertical direction. This means that force and displacement
are phase shifted by 90°.

e As the excitation increases even more, the friction hystere-
sis loop enters in the gross slip regime and the displacement
gradually goes out of phase with the excitation force until
they reach almost a 180° phase shift (Fig. 6H), i.e. the axes
of the phase orbit are oriented towards left.

VO11T30A021-7

Such shifts between excitation force (input) and displacement
(output) indicate that the system response moves through the
fixed excitation frequency of 100 Hz. In fact, the resonant fre-
quency changes from 200 Hz to 40 Hz while the excitation fre-
quency remains fixed at 100 Hz and this leads to shifts in the
phase. In particular, when the hysteresis loop is in the stick
regime, the resonant frequency becomes 200 Hz, as shown in
the stick peak” of Fig. 5, and consequently the excitation force
goes in-phase with the displacement. In fact, in this case the ex-
citation frequency of 100 Hz is below the resonant frequency of
200 Hz and thus force and displacement are in-phase.

On the contrary, in the case of full sliding, the resonance is at
40 Hz, as shown in the "free peak” of Fig. 5, and consequently
the excitation frequency of 100 Hz is above the resonance, thus
leading to a phase shift of 180° between force end displacement.
In other words, the resonant frequency of the friction rig de-
creases from 200 Hz to 40 Hz as the sliding distance increases.
The increase in the sliding distance results in wider hysteresis
loops that lower the overall stiffness of the joint, and hence lower
the resonant frequency of the system.

This experiment confirms that wider hysteresis loops soften the
system because the system moves more and thus is less stiff. In
order to validate this observation, the average stiffness of each
hysteresis loop is used as input in the k3 of the 2DOF model of
the friction rig, which was shown in Fig. 3C. This average stiff-
ness is obtained by fitting the whole hysteresis loop to a straight
line, which represents the overall stiffness of the joint. Of course,
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a more complex contact model that replicates hysteresis loops
could have been used instead of the single stiffness k3. However,
this has already been performed in [13], while here the aim is to
show the effects of the joint stiffness alone.

Figure 7 shows the resonant frequencies of the 2DOF model for
different k3 values. When the loop is stuck (Fig. 6A), the stiff-
ness of 40 N/um leads to a resonant frequency quite close to the
“stick peak” at 200 Hz. When the loop is in full sliding (Fig.
6H), the low joint average stiffness of 0.5 N/um leads to a res-
onant frequency very close to the “free peak™ at 40 Hz. A peak
at exactly 40 Hz would only be reached for a joint stiffness of
0 N/um (i.e. a condition of separation with a 0 N friction force).
This good agreement in the resonant frequencies confirms the in-
formation obtained from the phase plots, since when the phase is
0°, it means that the excitation frequency (100Hz) is below the
resonant frequency (200 Hz), while when the phase is 180° the
excitation frequency (100 Hz) is above the resonant frequency
(40 Hz).

Finally, the average stiffness of the hysteresis loop of Fig. 6D
is also calculated because this loop results in a phase of 90° and
hence it should be the loop for which the excitation frequency
equals the resonant frequency. Indeed, the average stiffness of
this loop leads to a resonant frequency of 100 Hz when substi-
tuted in k3. Hence, this good agreement confirms that phase plots
can be used to determine quite accurately the dynamics of the
structure via the behaviour at the interface.

Fig. 6H: k;=0.5N/um

=7

\Q=45Hz

Fig. 6D: k3=8N/um  Fig. 6A: k3=40N/um
ffn=101Hz /4fn=203Hz

10!

2dof model for different
average stiffnesses:
= Excitation = k5=40N/pm
NZ 107¢F Frequency: s K =8N/IM 1
XY 100Hz — k;=0.5N/um
[ |
[0
Q107" 1
c 1
o et
° 1
8 1
o2 1 4
1
|
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FIGURE 7. FRFs obtained from the linear 2DOF model of the friction
rig shown in Fig. 3C. Different values of k3 stiffness were obtained
by fitting the hysteresis loops to straight lines. In the background, the
experimental FRFs of Fig. 5 are shown to see the overlap of the resonant
frequencies with the numerical ones.
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This investigation has highlighted that:

e The extension of the hysteresis loops directly affects the
resonant frequency of the system. Indeed, the hysteresis
loop softens or stiffens the system with a stiffness coming
from the average slope calculated by fitting the entire loop
with a straight line. Changes in this average stiffness explain
the shifts in resonant frequencies. In particular, for a larger
sliding, the average stiffness is lower and the system softens.
On the contrary, for lower sliding amplitudes, the average
stiffness increases and the system stiffens. These changes in
contact conditions lead to shifts in the resonant frequency.

e The presented “average stiffness approach” is also valid
under (dynamically) varying normal loads, which for exam-
ple can be induced by higher modes contributions. In fact,
the average stiffness accounts for all the changes within the
hysteresis loops, since it is obtained by fitting the whole hys-
teresis loop to a straight line, which represents the overall
stiffness of the joint. Hence, if there is a significant change
in the friction limit, the fitting would take this into account.
In future, further tests could be conducted by imposing dy-
namic varying normal loads to confirm the validity of this
approach to more complex loading conditions.

e As previously shown with the static normal load, also the
sliding distance strongly affect the resonant frequency and,
under certain sliding conditions, the system might be in res-
onance, although heavily damped. This phenomenon can be
advantageously used to get insights on the system dynamics
just by knowing the phase shifts between the time signals.
For example, phase controls can be implemented to easilier
study the dynamics of nonlinear systems [10]. In addition, it
is also possible to determine the contact state at the interface
quite accurately for a given forcing frequency just by look-
ing at the response phase. However, this is feasible only if it
is well known how the joints operates.

These investigations highlight how different frictional regimes
strongly affect the dynamics of a structure with a localised fric-
tion joint. Unfortunately, the dynamic response can in turn also
have an impact on the shape of the hysteresis loops, often lead-
ing to distorted measurements. In the next section, the obtained
understandings are used in combination with additional measure-
ments to highlight such effects of the dynamics on the shape of
the hysteresis loops.

EFFECTS OF THE DYNAMICS ON HYSTERESIS
LOOPS

In this section, the effects of the dynamics on the hystere-
sis loops are investigated. Previous results have shown massive
changes in the dynamic response when different sliding regimes
occurred, so vice versa it is expected that the measured loops are
being affected by the dynamic response of the system.
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As already described in the previous section, the rig usually op-
erates at 100 Hz, which is the most stable harmonic excitation as
itis in the middle of the first resonant frequency transition, where
damping is maximum. In fact, even when the resonant frequency
is 100 Hz and coincides with the excitation, the hysteresis loop
shape is not affected, because the mode is heavily damped. As
a result, the activated nonlinearity can be easily controlled and
the extracted contact parameters, i.e. friction coefficient and tan-
gential contact stiffness, will not be affected by this resonance
transition.

However, other modes might still affect the hysteresis loop
shape. For example, oscillations in the gross slip region of the
hysteresis loop are sometimes observed in high frequency slid-
ing tests [13,33,34], as those shown in the hysteresis loop of Fig.
8A. Here, a possible explanation for the origin of these oscilla-
tions is provided: it is hypothesized that such oscillations are not
due to the frictional behaviour of the contact interface, but to the
dynamic behaviour of the built-up structure.

Looking closer at the friction force data, Fig. 8B shows the time
signal of the friction force over the whole loop. The friction force
is given by the sum of upper and bottom load cells that measure
respectively 7, and Tj,, as shown in the schematic of Fig. 8B.
When looking at the total friction force, 17 peaks appear over the
cycle, thus resulting in a frequency of 1700 Hz since the excita-
tion frequency is 100 Hz, as confirmed by the fast Fourier trans-
form shown in Fig. 10B. Instead, the upper and bottom force
contributions, T, and T;,;, present 7 oscillations over the cycle,
thus resulting in a frequency of 700 Hz. Such oscillations are
out of phase, indicating a possible bending or rocking mode of
the static arm. It must be noticed that several loops were also
recorded at larger sliding distances (here not shown) in order to
check if these two frequencies changed. The number of peaks
remained unchanged, thus indicating that these high frequencies

VO11T30A021-9

are independent of the sliding distance.

These high frequency oscillations might be due to an excitation
of modes close to 700 Hz and 1700 Hz, especially modes affect-
ing the static arm, which is the only structure between the fric-
tional contact and the load cells that measure the friction force.
In fact, if the static arm vibrates, it could affect the force applied
on such load cells.

To confirm this hypothesis, Fig. 9 shows the FRF of the static
arm obtained from an hammer test at 60 N of normal load and
100 N of excitation impact. The impact was performed on the
back of the moving mass and the response was measured with
accelerometers in the horizontal direction as shown in Fig. 9B.
No modes are present up to 600 Hz, thus confirming that shaker
experiments conducted at 100 Hz excitation should not excite
any low frequency modes of the static arm. However, the FRF
shows two resonant frequencies (770 Hz and 1730 Hz), which
are close within the 10% to 700 Hz and 1700 Hz. These two
modes might be the cause of the high frequency oscillations ob-
served in the hysteresis loop. In fact, the friction force activates
the odd superharmonics (700 Hz and 1700 Hz) of the excitation
frequency (100 Hz), which in turn might excite these two modes.
In order to verify this hypothesis, the harmonic excitation was
slightly changed from 100 Hz to 95 Hz. In this second case, the
closest odd harmonics to 770 Hz and 1730 Hz would be 665 Hz
and 1615 Hz, which are further away compared to the odd har-
monics obtained for a 100 Hz excitation (700 Hz and 1700 Hz).
Figure 10A shows two hysteresis loops measured at 100 Hz and
95 Hz. In the second hysteresis loop, it seems that the oscillations
at 700 Hz suddenly disappear, while only the higher frequency
oscillations remain. In order to better quantify the change in the
frequency content, a fast Fourier transform (fft) of the friction
force time signal was performed as shown in Fig. 10B. This fft
is used to quantify the frequency contributions.
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FIGURE 10. A) Hysteresis loops measured at two slightly different excitation frequencies; B) friction forces fft.

There are two sets of frequency contributions:

e The first 3 odd harmonics have a large contribution, which
is required to generate a square wave (that is the shape of
the friction force in time). In fact, a square wave is obtained
by the infinite sum of odd harmonics with decreasing ampli-
tudes [35].

e The subsequent odd harmonic contributions should be al-
most zero. However, especially for the 100 Hz case, con-
tributions at 700 Hz, 1300 Hz and 1700 Hz are larger than
they should be. These contributions are probably amplified
by a superharmonic resonance with the three modes high-
lighted in Fig. 9. In addition, it is notable that for the 95 Hz
case, such contributions are much reduced, because the cor-
responding odd superharmonics are further away from those
modes.

This experiment confirms that friction excites the odd superhar-
monics of the excitation frequency, and if such superharmonics
are close to some of the system resonant frequencies, then the
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system will respond with vibrations that might affect the contact
behaviour and the dynamics at the interface. This investigation
also suggests that in order to capture such an high frequency be-
haviour, a large number of harmonics should be used in current
modelling approaches for more accurate predictions [14].

It is expected that such high harmonics vibrations do not affect
much the extraction of the friction coefficient, because on av-
erage they keep the friction limit constant. Unfortunately, they
might affect the tangential contact stiffness estimation, as the
slope in the stick portion of the hysteresis loop might be sensitive
to the presence of a peak or valley due to such vibrations. In other
words, the phasing of higher harmonics with respect to the hys-
teresis loop might affect the extraction of the tangential contact
stiffness. In order to minimize such effects in future measure-
ments of hysteresis loops, it is proposed to use excitation levels
that do not trigger full sliding, and consequently do not lead to
superharmonic excitations.
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CONCLUSIONS

A high frequency friction rig with a simple localised fric-
tional contact is analysed to provide a better understanding of
the mutual relationships between frictional behaviour and dy-
namic response. It is confirmed that both normal load and rela-
tive displacement lead to changes in the frictional regimes (stick,
microslip and full sliding), which in turn strongly affect the sys-
tem’s resonant frequency and damping. In particular, changes
are observed with up to a five-fold increase in the resonant fre-
quency and up to a ten-fold change in the damping due to differ-
ent frictional regimes. The dynamic behaviour of the friction rig
is the same as that observed in friction dampers, thus confirming
the importance of localised friction joints in purposely designed
built-up structures.

In addition, even when it is thought that a built-up structure is
operating far away from resonance, the excitation frequency may
still align with resonance under certain conditions, although not
to a visible extent, due to heavy damping. This effect has to
be considered for more accurate analyses of built-up structures.
Additionally, it is shown that phase plots are a powerful and easy
tool to better identify such hidden resonances and to get infor-
mation related to the frictional regimes.

An easy approach is proposed for modelling shifts in the nonlin-
ear resonances of built-up structures by means of the joint overall
stiffness. This overall stiffness can be directly obtained by fitting
hysteresis loops to straight lines. Wider loops have lower aver-
age stiffnesses, and thus soften the system to a greater extent. As
the sliding distance decreases, the average stiffness of the loop
increases, therefore stiffening the system. This average stiffness
can be used in models as an input parameter to obtain estimations
of the nonlinear resonant frequency.

Finally, the origin of the oscillations in the gross slip regime of
the hysteresis loops is revealed. It is observed that full sliding
causes excitation of structural modes that in turn lead to oscil-
lations in the measured hysteresis loops. Oscillations are in-
duced by the vibration of system components which are excited
at their resonant frequencies by the superharmonics generated by
the nonlinear friction forces. It is thereby important for designers
to consider that the working excitation frequencies (and their odd
superharmonics) might excite some resonances of the built-up
structure, thus affecting hysteresis loop measurements and con-
sequently the extracted parameters such as the tangential contact
stiffness. This effect must be considered for the extraction of
more reliable stiffness values and more robusts joint designs.
The findings of this paper experimentally validate the theory
of structural dynamics with frictional contacts, confirming the
strong relationship between friction and dynamics and thus high-
lighting the necessity to include a detailed frictional description
of contacting interfaces for more accurate modelling of the dyna-
mics of built-up structures.
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