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A B S T R A C T

This paper investigates the effects of fretting wear on frictional contacts. A high frequency friction rig is used to
measure the evolution of hysteresis loops, friction coefficient and tangential contact stiffness over time. This
evolution of the contact parameters is linked to significant changes in natural frequencies and damping of the
rig. Hysteresis loops are replicated by using a Bouc-Wen modified formulation, which includes wear to simulate
the evolution of contact parameters and to model the evolving dynamic behaviour of the rig. A comparison of the
measured and predicted dynamic behaviour demonstrates the feasibility of the proposed approach and high-
lights the need to consider wear to accurately capture the dynamic response of a system with frictional joints
over its lifetime.

1. Introduction

A major challenge in the modelling of the dynamics of jointed
structures is the accurate characterization of the contact forces occur-
ring at friction interfaces. These contact forces can lead to significant
changes in natural frequencies and damping of the structure and, in
addition, may lead to catastrophic failures due to the effect of wear on
the single components. Several contact models have been proposed over
the years to describe the contact behaviour under oscillatory loadings
[1–11], with the most common model being a Coulomb slider in series
with a spring (Jenkins element [5,6]). These contact models have been
successfully used in combination with harmonic balance solvers
[12–16] or time integration techniques [17–19] to model the dynamics
of realistic structures such as flanges [20], blades equipped with dam-
pers or shrouds [21–25] or lap joints [17]. Due to the oscillatory nature
of the excitation, frictional forces have the form of a hysteresis loop
when plotted against the relative displacement that occurs between the
contact interfaces (see Fig. 1).

When a simple macroslip contact model is employed, hysteresis
loops can be approximated using three contact parameters: friction
coefficient, μ, normal contact stiffness, kn, and tangential contact stiff-
ness, kt . These parameters are normally used as tuning factors to update

numerical models, until the output of these models matches the ex-
perimental frequency response function of the assembled structure
[24–27]. Some researchers have exploited instead the clear physical
meaning of these contact parameters to build predictive models. In this
case, an estimation of the contact parameters is performed beforehand
by means of specifically designed frictional test rigs [28–30] or fully
numerically by exploiting physics-based contact models where rough-
ness is accounted for [31]. One main limitation of all the approaches
above is the assumption that the contact interface does not change over
time and hence the dynamic response remains unchanged. However,
fretting wear will occur at the interface leading to a modification of the
contact parameters and consequently of the hysteresis loop and of the
dynamic response. The goal of this work is to understand the evolution
of hysteretic behaviour from both a material and a structural perspec-
tive, and, in doing so, to see if new insights into the hysteretic beha-
viour of frictional contacts can be gained. This is achieved by measuring
the very high cycle evolution of hysteretic properties for fretting by
using the friction rig [28] built in the Dynamics Group of Imperial
College London. The test rig measures friction input parameters for
industrial applications, such as the contact dynamics of aero engine
components in contact. In addition, a physically based, wear evolving
constitutive model is proposed to describe the hysteresis over time, and
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is used in combination with structural dynamics simulations to capture
the evolution of the system dynamics.

2. Overview of fretting wear

Fretting occurs when two contacting surfaces exhibit a relative
sliding motion, and is a major source of uncertainty for the dynamics
modelling of jointed structures due to the lack of understanding behind
it. Two types of fretting have been described in the literature [32–34]:
fretting fatigue and fretting wear. Fretting fatigue generally occurs
when the relative sliding motion is small enough that part of the contact
interface is stuck and part of it slips. This type of fretting involves the
generation of cracks at the interface. In contrast, fretting wear occurs
when the relative sliding motion is larger and the whole interface ex-
hibits a full sliding. Fretting wear leads to the joint degradation by
means of material removal. This type of fretting can also lead to no-
ticeable system level changes in the dynamic response. Understanding
the impact of fretting wear on the dynamic response of systems is
crucial in designing high confidence components. In this study, the
effects of fretting wear were investigated in terms of the evolution of
hysteresis loops (μ and kt) and the evolution of the system's dynamics.

2.1. Effects of fretting wear on hysteresis loops

Hysteresis loops are characterized by two contact parameters (see
Fig. 1): friction coefficient, μ, and tangential contact stiffness, kt . The
friction coefficient defines the limit, µN , at which the contact start to
slide: when the tangential force occurring between the contact inter-
faces equals µN the contact start to slip, where N is the normal load that
pushes the interfaces together. The contact stiffness defines the stick
regime of the hysteresis loop, where there is a linear relationship be-
tween the tangential force and the relative tangential displacement.
This relationship is modelled as a spring with stiffness kt (i.e. the con-
tact stiffness), and it is due to the elastic deformation of the micro-
asperities at the contact interfaces [35,36] and to the bulk elastic de-
formation at the macroscopic contact scale [37–39]. In the present
paper the dominant effect is the micro-asperity deformation, as the
relative tangential displacement is measured relatively close to the in-
terfaces, less than 1mm far from the contact, making the bulk de-
formation effect negligible. μ and kt are strongly affected by fretting
wear:
Friction coefficient: The evolution of the friction coefficient with

fretting wear has been widely investigated in the recent past
[28,40–66]. Most of those studies have confirmed that the friction
coefficient rapidly increases during a running-in period, after which it
reaches a steady state. The rapid increase is attributable to the removal

of surface layers, such as adsorbed gas layers, oxide layers or nature
pollution films, which weakens the metal-to-metal adhesion between
contact interfaces [64–69]. The removal of such layers results in a
metal-to-metal and/or metal-to-wear particles contact that increases
the adhesive and ploughing components of the friction coefficient.
When surface layers are completely removed and a balance is reached
between generation and ejection of wear debris, the friction coefficient
stabilizes to a steady state value [68]. Sauger et al. [70] and Fouvry
et al. [71] pointed out that during the first hundred fretting cycles, a
tribologically transformed surface (TTS) forms because of a plastic
deformation of the metals in contact. This TTS has a nano-crystalline
structure corresponding to the chemical composition of the bulk ma-
terials. This phenomenon may also be involved in the evolution during
the running-in period.
Tangential Contact stiffness: To the authors’ knowledge, only few

studies have investigated the evolution of the tangential contact stiff-
ness with wear [30,41–43], since a reliable measurement of this para-
meter requires an accurate estimation of the relative sliding distance
between specimens. In fact, in order to account for the mirco-asperity
deformation only, and not for the bulk elastic deformation, the dis-
placement measurement points need to be very close to the contact
interface [54]. Schwingshackl et al. [42] measured the contact stiffness
using the previous generation of the friction rig used in the present
study. They found that the contact stiffness increases rapidly within the
first 30,000 cycles (5min at 100 Hz) and then it slowly reaches a steady
state in 15min (corresponding to 90,000 fretting cycles) for a wide
range of materials and contact conditions. This running-in is probably
due to an increase in the conformity of the contact interfaces. In fact,
larger areas of contact imply more asperities in contact. These asperities
in contact generate more elastic deformations, which contribute to the
increase in the contact stiffness. Kartal et al. [30] also conducted fret-
ting tests at different normal loads and observed that at low normal
loads the contact stiffness remained constant with fretting cycles, while
when the normal load was increased, the contact stiffness increased
with the fretting cycles. This tendency of the contact stiffness to be
cycle dependent at higher loads was thought to be due to the more
severe fretting wear. Lavella et al. [41] conducted experiments at
higher temperatures and observed instead that the contact stiffness
reaches a maximum after approximately 1 million cycles (at 100 Hz and
800∘ C, for a Nickel alloy in a sphere-on-flat arrangement), and then
decreases until reaching a steady state value close to the initial one. In a
more recent study, Lavella [43] found that the contact stiffness in-
creased within the first 500,000 fretting cycles (at 800∘ C) and then
reached a steady state (although having a large variability that is ty-
pical of contact stiffness measurements). However, a detailed in-
vestigation focused on the evolution of the contact stiffness has not
been proposed yet, and thus one of the intents of this article is to ad-
dress this issue.

2.2. Effects of fretting wear on the system's dynamics

To the authors’ knowledge, no experimental studies have in-
vestigated the effects of wear on the dynamic response of mechanical
structures. This article aims to give insights on such effects of wear on
the dynamics, and to relate those effects to their physical origins.
Although there is a lack of experimental studies, more work has been
conducted on numerical simulations. A great deal of research was
conducted on the modelling of fretting wear for quasi-static problems as
discussed, for example, in Ref. [72]. However, only few studies have
attempted to model the dynamics of structures including wear over
time [73–78]. Jareland and Csaba [73] included wear in a dynamic
simulation of a bladed disk equipped with strip dampers, using an en-
ergy approach to estimate the worn volume at the damper interface.
Salles et al. [75,76] proposed a method for simultaneously calculating
the wear and vibration response of structures. They predicted that al-
though wear depths are very small (a few microns), these depths greatly

Fig. 1. Typical hysteresis loop and its parameters: the friction coefficient μ, the
contact stiffness kt and the energy dissipation.
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modify the vibratory behaviour of structures. Petrov [74] also in-
vestigated the effect of wear on bladed disks equipped with friction
dampers. He predicted the wear generated at the contact that resulted
in the loss of the fully worn out dampers. However, these studies did
not consider the evolution of the friction coefficient and the contact
stiffness, which indeed were assumed constant in time.

Recently, Armand et al. [77] proposed a multiscale approach that
incorporates wear into nonlinear dynamics analyses. In short, they used
a semi-analytical contact solver to estimate the pressure distribution at
the contact. Then, they run a state-of-the-art nonlinear dynamic ana-
lysis, which provided the system forced response and also the friction
forces generated at the contact. These friction forces were used to es-
timate the wear volume and therefore update the contact interfaces.
After the update, the semi-analytical solver was run again to predict the
new pressure distribution. The process is repeated for many vibration
cycles. The approach was applied to a test case of turbine blades
equipped with an underplatform damper. The results of this study
confirmed the sensitivity of the dynamic response to changes at the
contact interface. Wear patterns strongly affect the pressure distribu-
tion, which in turn changes the slipping mechanisms occurring at the
contact interfaces. In a continuation of the study, Armand et al. [78]
included the roughness in the description of the contact interfaces and
even predicted the evolution of contact stiffness with wear. It was found
that the contact stiffness increased with wear because of an increase of
the real area of contact. This stiffening of the contact interfaces also
resulted in a slight increase of the system natural frequency. Their
predictions are in accordance with the experimental findings of this
study.

However, these studies are only preliminary attempts to model the
effects of fretting wear on the dynamic forced response of jointed
structures. The poor experimental knowledge restricts the ability to
optimize the maintenance and design of jointed structures and it also
limits our understanding of how joints deteriorate. This issue is there-
fore addressed in this article. Additionally, a novel formulation of wear
evolution is also proposed that can be easily implemented in numerical
dynamic simulations. This formulation can be applied to most of the
contact models used in dynamics simulations and, in the present paper,
it is applied to a Bouc-Wen model.

3. Experimental analysis

The experiments detailed in this paper are from a fretting test rig,
which was designed at Imperial College London in 2010 [28] to mea-
sure hysteresis loops for common materials used in aero engine appli-
cations. This test rig is used to measure the hysteretic properties of a
contact pair, from which the friction coefficient and the tangential
contact stiffness are able to be extracted as functions of energy dis-
sipated. The experiments are conducted over a very long duration, as
aero engine components experience ultra high cycle loading.

3.1. Description of the test rig

The friction rig [28] generates a flat-on-flat sliding contact between
a pair of cylindrical specimens as illustrated in Fig. 2. The rig is com-
posed of a moving block that slides over a static block. The moving
block is excited by means of a shaker and is composed of a moving arm
hinged to a larger moving mass. One specimen is clamped to the
moving arm and is in contact with the other specimen that is clamped to
the static block. Photo and scheme of the rig are shown in Fig. 3a and b.
A lumped mass model of the rig was created (Fig. 3c) and is described in
Section 4.1. The relative displacement between the sliding specimens is
measured slightly above and below the contact interfaces, less than
1mm far from the contact, by means of two Laser Doppler vibrometers
(LDVs). This accurate measurement method leads to a negligible effect
of the bulk elastic deformation of the specimens, making the mea-
surement of the tangential contact stiffness more reliable. The friction

force is measured with dynamic load cells attached to the static block
and capable to measure forces up to 10 kHz. A continuous contact is
ensured between the specimens by applying a normal load by means of
a pneumatic actuator placed on the top of the moving block.

A typical measured hysteresis loop is shown in Fig. 1. The friction
coefficient is obtained by dividing the friction limit (horizontal portion
of the loop) by the applied normal load, and the contact stiffness is
estimated from the slope of the stick portion of the loop.

Several fretting tests were conducted over different time spans in
order to capture the evolution of the hysteresis loops with wear. The
experimental plan and the main results are discussed in the following
paragraphs.

3.2. Wear test plan

A series of five fretting tests was conducted using different couples
of specimens at room temperature. The excitation frequency was
100 Hz, which is the best working frequency for the test rig. The normal
load was maintained constant at 60 N for all tests. This value was
chosen because it is large enough to generate hysteresis loops with the
necessary amount of energy dissipated and, therefore, of fretting wear.
The specimens were all made of stainless steel (SS304) and their contact
interface was carefully hand polished using two different grades of sand
paper: first, 800 grit for coarse and bulk material removal and then,
2500 grit for smooth and finer surface finish, leading to a roughness
value Ra of about 0.1 μm. The width of the contact was maintained at
1mm on each specimen. In every test, the specimens were placed or-
thogonally as illustrated in Fig. 2 and for each pair the nominal area of
contact was 1 mm2 (having a 5% of variability due to the manufacturing
tolerance and assembly). The resulting nominal contact pressure was
therefore 60MPa. Before and after every test, the specimens were
cleaned with Iso-propyl Alcohol in an ultrasonic bath for 15min and,
after cleaning, optical microscope images were captured using a Wyko®

NT9100 optical interferometer. Experiments were carried out at im-
posed lateral force. Two tangential excitation amplitudes of 53 N and
75 N were chosen in order to investigate the effect of different strokes,

Fig. 2. (Top) 3D models showing the orthogonal placement of top and bottom
specimens with respect to the contact zone. (Bottom) Sample images of new and
worn specimens; Scans of the contact area obtained from the optical inter-
ferometer.
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on average respectively 14 µm and 22 µm of full relative sliding. It must
be pointed out that this resulting tangential relative displacement is not
imposed; it is a function of the time-dependent coefficient of friction
and contact stiffness. This is clearly visible in Fig. 4 where the relative
displacement is continuously decreasing as a function of the number of
cycles. Two tests were conducted at 53 N excitation (average 14 µm
sliding) for about 5.5 h each, and three tests were conducted at 75 N
excitation (average 22 µm sliding) for 0.6, 3.6 and 9 h respectively in
order to assess the repeatability of the experiments. The tests specifi-
cations are summarized in Table 1 together with an overview of the
main results.

3.3. Experimental results

Three pieces of information were obtained during each test: the
evolution of hysteresis loops, contact interfaces, and system dynamics.
These three are described in the following paragraphs.

3.3.1. Evolution of hysteresis loops
In Fig. 4 the evolution of hysteresis loops over time is shown for test

1 (the trend is the same for all other tests). Both friction coefficient and
contact stiffness are noticeably influenced by the wear evolution.
Friction Coefficient. The friction limit, µN , at which the contact

started to slide, increased with fretting cycles. Since the normal load, N,
remained constant during the whole test, this implies that the friction
coefficient, μ, has increased over time as the samples became worn. The
trend of the friction coefficient is shown as a function of the cumulative
energy dissipated in Fig. 5a for all tests, except the test 3 that was
carried out only for a short period of time. It rapidly increased by al-
most 9 times within the first thousands of fretting cycles from an initial
value of 0.11 to a steady state value of 0.9 at room temperature. The
energy dissipated was obtained as the cumulative sum of the energy
dissipated within each hysteresis loop. The authors suggest plotting the
evolution of the contact parameters versus the cumulative energy dis-
sipated rather than fretting cycles, since the cumulative energy dis-
sipated allows for a more reliable comparison of results obtained in
different test conditions.

The results are repeatable because the friction coefficient main-
tained the same value for tests 1/2 and for tests 4/5 that were obtained
for the same sliding distances. The steady state was reached after about
50 J of cumulative energy dissipated for every test. The rapid increase
in the coefficient of friction at the start of the tests and its convergence
to a stable value agree with previously observed trends for fretting
[28,41–58,61–66]. The physical reason for this rapid increase in the
friction coefficient has been attributed to the removal of initial oxide
layers on the interfaces [64–69]. This removal results in a metal-to-
metal contact and/or metal-to-wear particles contact that contribute to

Fig. 3. Friction rig: a) Rig's photo; b) Rig's scheme; c) Rig's two degree of freedom lumped mass model.

Fig. 4. Evolution of hysteresis loops with wear for test 1: excitation
frequency= 100 Hz, average sliding distance=± µm7 , normal load= 60N,
nominal area of contact= 1mm2, total fretting cycles= 1900000,
material= Stainless Steel, temperature= 25∘ C.

Table 1
Wear tests summary.

Units Test 1/2 Test 3/4/5

Material – Stainless Steel Stainless Steel
Type of Contact – flat-on-flat flat-on-flat
Temperature – Room Temp. Room Temp.
Contact Area [mm2] 1 1
Contact Pressure [MPa] 60 60
Excitation Amplitude [N] 53 73
Excitation Frequency [Hz] 100 100
Average Sliding Distance [µm] = ±14 7 = ±22 11
Average Sliding Velocity [mm s/ ] 2.8 4.4
Energy Dissipated/Cycle [mJ/cycle] 1.3 - 1.7 2.0 - 2.4
Energy Dissipated/Sec [mJ/s] 130 - 170 200 - 240
Running Time [hrs] 5.3/5.5 0.6/3.6/9
Total Energy Dissipated [J] 2800/2900 500/2900
Wear Volume [µm mm2] 4.6/5.2 3.2/7.3/12.7

Friction Coefficient
Fretting Cycles to Steady State – 27000 - 30000 21000 - 23600
Energy Dissipated to Steady State [J] 38 - 42 46 - 52
Steady Friction Coefficient – 0.89 - 0.93 0.86 - 0.88

Contact Stiffness
Fretting Cycles to Steady State – 1.8e6 - 2.1e6 0.7e6 - 1.0e6
Energy Dissipated to Steady State [J] 2500 - 3000 1700 - 2250
Steady Contact Stiffness [N µm/ ] 58 - 67 46 - 60
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the increase in the friction coefficient in terms of both adhesive and
ploughing components. The steady state has been attributed to a bal-
ance between the generation and ejection of wear debris from the
contact [68].
Tangential Contact Stiffness. With regards to the tangential con-

tact stiffness, fewer studies have investigated its evolution with wear
[30,41–43]. It is clear from Fig. 4 that the contact stiffness increases
with wear as well, because the slope of the stick portion of the loops
increases substantially. This increasing trend is better illustrated in
Fig. 5b. The steady state contact stiffness has a larger variability than
the steady state friction coefficient. For tests 4 and 5, it starts from an
initial value of 26 N µm/ and it reaches a steady state at roughly 50
N µm/ after 2000 J of cumulative energy dissipated at the contact (that
is about 40 times larger than the energy required to reach a steady
friction coefficient). This trend is probably due to (i) an increased
conformity of the contact interfaces and also to (ii) the increased in-
teraction between the macro wear scars. The increase in the interface
conformity leads to a larger amount of asperities in contact, which in
turn contributes to the increase in the contact stiffness. The increase in
the interaction between macro wear scars is due to the conformity of
peaks and valleys, which lock the surfaces together and add elastic
resistance to the relative motion during the stick phase.

This hypothesis is supported by the evolution of the contact areas
for tests 3, 4 and 5 (that where conducted for the same sliding ampli-
tude, but different numbers of fretting cycles). In fact, as shown in
Fig. 6, the worn area of contact is the smallest for test 3, which was run
for the shortest time. In tests 4 and 5 the worn area of contact is larger,
as shown by the extended wear pattern. It is assumed that larger areas
of contact lead to increases in the value of the contact stiffness, since
more asperities and/or macro wear scars are in contact, resulting in a
higher number of elastic deformations. The tangential contact stiffness
partly originates in fact from elastic deformations of asperities that

deform under tangential loads [35,36]. These results are in line with the
numerical predictions of Armand et al. [78], who run a dynamic ana-
lysis including wear evolution. They also predicted an increase of the
contact stiffness within the first fretting cycles until a steady state was
attained. The observed increase was due to an increase in the real area
of contact because of the wear evolution.
Energy Dissipated per cycle. Finally, in Fig. 5c the evolution of the

energy dissipated per cycle is shown. Tests 4 and 5 have a higher energy
dissipated per cycle than tests 1 and 2 since they featured a larger
sliding displacement and, consequently, their hysteresis loops en-
compassed a larger area. The energy dissipated/cycle maintained a
fairly constant value for the duration of all tests.

3.3.2. Evolution of surfaces
Every wear test was performed using new test specimens polished

and cleaned to the standard polishing and cleaning specification men-
tioned previously. After each fretting test, the contact interfaces were
surrounded by red debris resulting from the oxidation of the fretted
metal (e.g., see Fig. 2). This debris was removed by cleaning the spe-
cimens in an ultrasonic bath. The clean interfaces were then scanned
with the optical interferometer. Fig. 2 shows the typical images, ob-
tained from the interferometer, of one specimen before and after a wear
test. A summary of the worn interfaces from all wear tests is provided in
Fig. 6, where material transfer spots between coupled specimens are
highlighted. The highlighted areas provide a clear indication of mate-
rial transfer between top and bottom specimens, suggesting that the
dominant wear mechanism is adhesive. The material transfer took place
at both smaller and larger sliding distances and also over short and long
duration wear tests. The location and number of transfer areas appear
random at a first glance and do not show a clear pattern. However, tests
1 and 2 (shorter sliding distance) present smaller and distributed
transfer areas, while tests 3, 4 and 5 (larger sliding distance) present

Fig. 5. Evolution of contact parameters with wear. Test conditions: excitation frequency=100 Hz, normal load=60 N, nominal area of contact= 1mm2,
material= Stainless Steel, temperature= 25∘ C.
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larger transfer areas. This is probably attributable to the fact that for a
larger sliding distance the small wear scars merge into larger ones, since
the transferred material can be pushed further.

In addition to that, some of the worn profiles show the typical ”W-

shaped” wear scar (see e.g. wear tests 3 and 5 in Fig. 6), which has been
observed in many other studies [30,46–50,79–81], although only one of
them involved a flat-on-flat contact arrangement [30]. This W-shape is
a typical wear pattern consisting of a stick region, inside the fretted

Fig. 6. Worn surface images highlighting the material transfer between the top and bottom specimens for different test couples. The contact interfaces of the bottom
specimens were opened and flipped to help the overlap comparison.
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interface, surrounded by slip regions on both sides [50]. Fouvry et al.
[81] investigated in detail the physics of the W-shape wear scars as
opposed to the U-shape scars. They found that at lower contact pres-
sures, a homogenized U-shaped wear scar generates as a result of
abrasive wear in combination with high contact oxygenation. This
oxygenation produces a thin oxide debris layer, which induces high
energy wear rates and wear volumes. Instead, at higher contact pres-
sures, W-shaped wear scars occur. The W-shaped scars are the result of
(i) adhesive wear in the center of the scar, where the contact is stuck
due to the higher pressure, and (ii) abrasive wear at the edges, where
the pressure is lower and debris is generated due to the more severe
wear induced by the increased slipping. In the present study, this kind
of W-shaped wear scar is more evident in the second set of tests (3, 4
and 5) conducted for a larger sliding distance. This suggests that for
larger sliding distances the adhesive wear in the central region may be
activated, while at the edges of the contact abrasive wear is dominant.
However, it is important to note that these phenomena are pressure
dependent. In the study of Fouvry et al. [81] the contact was cylind-
rical-on-plane, resulting in larger pressures generally located in the
center, while in present study a flat-on-flat contact was analysed. In this
case, the pressure distribution is more uncertain and depends on the
waviness and overall shape of the interfaces.

The wear volume was also calculated by superimposing the optical
interferometer images before and after wear tests, and then taking the
difference in 3D topography. The result of this calculation is illustrated
in Fig. 7, where the relationship is shown between the wear volume and
the energy dissipated at the contact for different excitation amplitudes.
The relationship is almost linear for the tests conducted at µm22 of
sliding distance, confirming the previous findings from the literature
[43–47,71,80–83]. The linear relationship is defined by a wear coeffi-
cient α that is the linear slope of wear volume versus cumulative energy
dissipated as defined in Ref. [71]. In the case of tests at µm22 of sliding
distance, this coefficient is roughly µm J1500 /3 , and is of the same
order of magnitude of the ones found in studies investigating ductile
materials [71,84] or one order of magnitude lower compared to other
studies [45,47,80,81,85]. The two tests conducted at µm14 of sliding
distance showed an almost similar wear volume, 4.3 and 5.2 µm mm2

respectively, since they dissipated almost the same amount of energy.
The variability is below the 20% and this relatively small difference
gives an idea of the measurements variability and could be due to the
difficulty in measuring the wear volume accurately due to such small
quantities and irregular worn area distributions. Additionally, the wear
volume of tests 1 and 2 (conducted at µm14 ) is lower than the one
obtained for the same energy dissipated but with a larger sliding

distance (test 4 at µm22 ) and this would lead also to a lower wear
coefficient. This is in accordance with the fretting maps concept pro-
posed by Vingsbo and Söderberg [34], who observed that, in gross
sliding, the wear coefficient increases with larger sliding distances. This
means that, for the same cumulative energy dissipated, the wear vo-
lume is larger if also the sliding distance is larger. Fouvry et al. [44]
described this behaviour by considering (i) the energy required to
generate the debris (that contributes to the wear volume) and (ii) the
energy successively required to expel such debris from the contact in-
terface. The higher the sliding amplitude, the faster the debris is ejected
and the lower is the energy required for expelling it. Therefore, for a
larger sliding amplitude, less energy is required to expel the debris and,
as a result, more energy is left to increase the wear volume. In other
words, if the sliding amplitude is very small it is more likely that wear
debris remains trapped under the surface and less new debris is gen-
erated. It should be pointed out that they investigated cylindrical
contacts rather than flat-on-flat contacts.

On the contrary, in a more recent study, Pearson and Shipway [86]
argued that the wear coefficient is not dependent on the sliding am-
plitude. It is expected that for the same cumulative energy dissipated,
the wear coefficient, and hence the wear volume, are equal regardless
of the sliding distance. The current results seem to match better the first
hypothesis, but future experiments will hopefully clarify this de-
pendency of the wear coefficient on the sliding distance.

3.3.3. Evolution of the system dynamics
Before and after every wear test, a hammer test was conducted in

order to obtain the frequency response functions (FRFs) of the friction
rig. The hammer hit was made at the excitation point in place of the
shaker attachment. An accelerometer was placed on the moving arm to
measure the friction rig response. In Fig. 8 the test setup is shown to-
gether with the typical arm response. Three resonant frequencies are
observed over the frequency range measured. The first natural fre-
quency at 40 Hz and the third at 2500 Hz both refer to the horizontal
motion mode, where the moving arm and moving mass move respec-
tively in-phase and out-of-phase in the direction of sliding. These are
the modes of interest since they are in the sliding direction and they are
used to create a two degree of freedom model of the rig, which is de-
scribed in Section 4. The second natural frequency at 700 Hz is not a
mode of interest, since it is a lateral rotation of the moving arm that
does not affect the sliding of the specimens and, in addition, is far from
the fretting test excitation frequency (100 Hz).

It is expected that the horizontal modes are affected by the wear
evolution of the specimens’ contact interfaces. To investigate this evo-
lution, a hammer test was conducted before and after every wear test.
Fig. 9 shows the FRFs obtained at 7 N and 60 N of normal load, in both
cases before and after the wear test number 1 (the behaviour is the
same for every other wear test). The 7 N normal load was also in-
vestigated with hammer tests because when the pneumatic actuator
was unloaded at the end of the test (or loaded at the beginning), a 7 N
normal load resulted in the contact due to the self-weight of the moving
arm that lay on the static arm. Therefore, an additional hammer test
was conducted in this 7 N normal load condition, since it did not affect
the wear test itself and could provide insights on the effect of different
normal loads.

Several conclusions are drawn from the FRFs:

1) Effect of the normal load. The normal load strongly affects the
first natural frequency. If the normal load is increased, also the
natural frequency increases (from 40Hz for 7 N normal load to

180Hz for 60 N normal load). This happens because the two spe-
cimens enhance their conformity and the rig becomes stiffer. As the
limit μN increases linearly with the normal load N, this reduces the
amount of slipping (i.e. hysteresis loops are shorter, and the sticking
regime becomes dominant). This reduction of slipping results in an
stiffer system.

Fig. 7. Wear volume as a function of energy dissipated at the contact. Test
conditions: excitation frequency= 100 Hz, normal load= 60 N, nominal area
of contact= 1mm2, material= Stainless Steel, temperature= 25∘ C.
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2) Effect of wear on modes in the sliding direction. The wear also
strongly affects the first natural frequency. This is attributable to the
evolution of both friction coefficient and contact stiffness (as already
shown in Fig. 5). In fact, the increase in the friction coefficient leads
to an increase in the friction limit, thus reducing the total amount of
slip. This reduction in the amount of slip results in a stiffening of the
contact, which is more likely to be in the stuck condition (the same
effect occurred for an increased normal load, as shown in the pre-
vious paragraph). In addition, also the contact stiffness increases,
thus making the system even stiffer. These two phenomena explain
the shift to the right of the first natural frequency before and after
the wear test. Not only the natural frequency of the system increases
with wear, but also the damping changes. For the 7 N normal load
case, the damping increased with wear (i.e. lower and wider peak
after wear). This happened because of the increase in the friction
coefficient that led to hysteresis loops having larger friction limit
and, therefore, having a larger area and energy dissipated. The more
the energy dissipated, the more the peak is damped. However, in the
case of 60 N normal load, the peak reaches a higher value, indicating
a reduction in damping. This is probably due to the fact that at 60 N
normal load the tendency to slip is reduced. Since after wear the
friction limit increased, this tendency to slip is reduced even more
(i.e. the system go towards a more stuck condition), thus reducing
the total amount of energy dissipated.
3) Effect of wear on modes not in the sliding direction. The wear
does not seem to affect modes that are not linked to the interface
sliding. For example, the second mode (i.e. lateral rotation of the

moving arm at 700 Hz) is not affected by wear as shown in Fig. 9.
The reason for this is not entirely clear, but probably this mode is
characterized by a small relative sliding motion between the speci-
mens.

Finally, during the test number 5 (the 9 h test), the rig was stopped
every 2.5 h for allowing the shaker to cool. When the rig was stopped,
hammer tests were conducted in order to further investigate the evo-
lution of the rig dynamics. The tests were conducted without changing
the normal load, which was maintained fixed at 60 N. During these
tests, time histories of the moving arm response were recorded. The
goal was to extract the vibration amplitude dependency of both natural
frequency and damping ratio related to the first horizontal mode. To
extract information on this mode of interest, a Butterworth filter was
used [87]. Filtering data is a standard practice in multi-modal analysis
and is valid as long as there is good separation between the modes of
interest so that a multi-modal system can be treated as a single degree
of freedom system at each mode. The Butterworth filter was applied to
the raw signal of the acceleration, and in this way the information re-
lated to the frequency range of the only first mode was isolated, see
Fig. 10a. Subsequently, a Hilbert transform [88–90] was performed on
the filtered signal. The Hilbert transform is a linear operator that gen-
erates the envelope of the amplitude of a decaying time history as
shown in Fig. 10b. This envelope is then used to obtain the natural
frequency and damping ratio as functions of the vibration amplitude,
see Fig. 10c and d. The Hilbert transform was chosen due to its high
accuracy in extracting these parameters from ring down data [91].

Fig. 8. Hammer test setup. Modes: 40 Hz is the horizontal motion of moving arm and moving mass in-phase; 700 Hz is a lateral rotation of the moving arm; 2500 Hz
is the horizontal motion of moving arm and moving mass out-of-phase.

Fig. 9. Evolution of system dynamics for test 1: a) 7 N normal load; b) 60 N normal load.
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Other methods, such as wavelet-based approaches, are more suitable
for studying modal interactions within dynamic systems [92]. As ex-
pected, both natural frequency and damping are not constant and
strongly vary as the amplitude of the vibration decays. The natural
frequency increases with wear, due to the increase in both friction
coefficient and contact stiffness, and it seems to be not much affected by
the acceleration amplitude (and therefore the by sliding distance) of the
moving arm. Instead, the damping increases with the amplitude. This is
not surprising since at larger accelerations (and therefore larger sliding)
hysteresis loops become wider, resulting in higher energy dissipated
and therefore higher damping. Moreover, the damping ratio reduces as
the test goes on, meaning that the system dissipate less energy as wear
increases. This trend is in accordance with Fig. 9b, since after wear the
peak is less damped because the increases in both friction coefficient
and contact stiffness reduce the tendency of the system to slip.

3.4. Experimental analysis discussion

Experiments were conducted using a friction rig for hysteresis
measurements. Wear tests were performed under high frequency ex-
citations over different time spans to better understand their impact on
the system dynamics (wear tests’ specifications are summarized in
Table 1). The obtained data has shown that wear affects the evolution
of contact parameters in the case of the analysed stainless steel speci-
mens. Both friction coefficient and contact stiffness increase with fret-
ting cycles before they reach a steady state.

The main novelty of this work is the study of the effects of wear on
the dynamic response of a system with a frictional joint (i.e. the friction
rig). The obtained results show that wear can strongly affect the dy-
namic behaviour of the system, leading to shifts in natural frequencies
and damping, and has a particular influence on the modes that activate
the contact mechanisms (i.e. the modes in the same direction of the
fretting sliding).

The first effect of wear is the increase in the natural frequency of
such modes over time (see Fig. 9). This change in the natural frequency

with wear is due to the increase in both friction coefficient and tan-
gential contact stiffness. These increases lead to a higher conformity of
the contact interfaces that are more inclined in being stuck rather than
slipping. This increased sticking results in an overall stiffening of the
system in a combination with a consequent increase of the natural
frequencies of the modes linked to the contact mechanisms. For the
investigated structure, the main factor affecting the dynamics is in fact
the friction limit, µN , at which the contact start to slide. The friction
limit depends on the value of the friction coefficient, which is strongly
affected by wear. Damping is also affected by wear, and results show
that it can either increase or decrease depending on whether the system
raises or lowers the amount of energy dissipated within each hysteresis
loop. If the system before wear is already close to a fully stuck condition
(e.g. the normal load is high, and the macroslip regime is minimal),
then, after wear, the observed increase in the friction coefficient further
reduces the tendency of the system to slip, thus resulting in a damping
reduction due to the reduced dissipated energy (see Fig. 9b: µN before
wear is 6.6 N and after wear is 54 N). In contrast, at low normal loads, it
is more likely that the system is in full slip and the increase in the
friction coefficient over time would result in hysteresis loops having a
larger area due to the increase in the friction limit. The larger area
results in more energy dissipated at the contact, which in turn increases
the damping of the system over time (see Fig. 9a: µN before wear is
0.8 N and after wear is 6.3 N). It is also interesting to note that the FRF
measured for the 7 N normal load case after wear is quite similar to the
FRF measured at 60 N normal load before wear. This is due to the fact
that in both cases the friction limit is similar too. At 7 N normal load,
the after wear friction coefficient is 0.9, leading to a friction limit

=µN N6.3 . At 60 N normal load, the before wear friction coefficient is
0.11, leading to a friction limit =µN N6.6 . The two similar friction
limits lead to a similar dynamic behaviour, confirming the significant
effect of the amount of sliding on the dynamics of the system.

For completeness it should be noted that modes that do not activate
the interface mechanisms are unaffected by the interfacial wear and are
therefore independent of time. Finally, the Hilbert analysis of the time
history data has shown that the damping is displacement-dependent.
This is not surprising since larger displacements generate wider hys-
teresis loops, which result in more energy dissipated at the contact. Due
to the large impact that wear has on the dynamic response and to the
complexity of the mechanisms at play at the interface, a numerical
analysis approach was introduced in order to capture the evolution of
the hysteresis loops and the dynamic behaviour of the rig over time.

4. Numerical analysis

In order for the results of this experimental study to be accessible for
modelling and design in structural dynamics, a physically-based, wear
evolving Bouc-Wen model is proposed (based on the work of [93,94]),
and a numerical analysis is performed on a two degree of freedom
lumped mass model of the test rig.

4.1. Lumped mass model of the test rig

A simplified lumped mass model of the test rig was created in order
to simulate the rig dynamics. As already shown in Section 3.3.3, two
resonant modes are of interest: the in-phase and out-of phase horizontal
modes. In order to represent them, a two degree of freedom (2DOF)
lumped model was carefully created based on an hammer test campaign
that, for simplicity, is not presented here. The model is shown in Fig. 3c
and the values of the system parameters are presented in Table 2. m1
and m2 are the moving mass and moving arm respectively. The moving
mass is connected to the ground by means of leaf springs having stiff-
ness k1 (see Fig. 3b). The moving arm is hinged to the moving mass by
means of a knife edge having stiffness k2. The moving arm is connected
to the static arm (that is considered completely rigid) by means of a
Bouc-Wen element, which is one of the many contact models used in

Fig. 10. Hilbert analysis to capture the evolution of the first natural frequency
during test 5: a) Time signal at the end of the test; b) Hilbert envelope of the
filtered signal; c-d) Amplitude dependencies of natural frequency and damping
ratio obtained from the Hilbert envelopes.
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dynamic simulations for the replication of hysteresis loops. The ex-
citation Fex is applied on the moving mass and the normal load N is
applied on the moving arm (to maintain the specimens in a continuous
contact). The Bouc-Wen element generates a friction force as a result of
the relative displacement of the moving arm with the ground (i.e. with
the static arm). The plot of this frictional force versus the relative dis-
placement is the hysteresis loop.

The first natural frequency of this model oscillates between 40 and
180Hz depending on the normal load, and the frequency values coincide
with the experimental measured ones (the effects of the normal load on
the natural frequency were already presented in Section 3.3.3). Also the
natural frequency of the out-of-phase horizontal mode coincides with the
experimental one, which oscillates between 2500 and 2600Hz. In order
to obtain the numerical forced response (i.e. the FRFs) of the test rig, the
following set of equations of motion has to be solved:

+ + = +M t C t K t tx x x F F x x¨ ( ) ( ) ( ) ( ) ( , )ex f (1)

where M, C and K are respectively the mass, damping and stiffness ma-
trices of the lumped model. x x x¨, , are the acceleration, velocity and
displacement of the degrees of freedom of the lumped model, Fex is the
input excitation force and F x x( , )f is the friction force. The input of the
equations of motion are the mass, damping and stiffness matrices of the
model and the excitation force, which is either coming from the hammer
test or from the shaker test. The unknowns are the displacements (and
velocities and accelerations) and the friction force. The friction force is
predicted by the Bouc-Wen model, which is described in the next para-
graph. Eq. (1) is solved using a Newmark time integration scheme [18].
Once the equation is solved, it is possible to plot the FRF of the moving
arm (that is simply the acceleration of the arm (m2) divided by the ex-
citation force over the investigated frequency range). This FRF will be
compared to the experimental ones. Additionally, also the hysteresis
loops are obtained, since they are given by the friction force plotted
versus the displacement of the moving arm.

4.2. Description of the Bouc-Wen model

Several contact models are used in dynamics simulations for re-
plicating hysteresis loops [95]. These models are classified into mac-
roslip models (such as the well known Jenkins element [5,6]) and mi-
croslip models (such as Iwan [1,2], Valanis [7], LuGre [8] and Bouc-
Wen [9,10]). In this paper a Bouc-Wen formulation has been chosen to
replicate hysteresis loops since its input parameters were physically
linked to the experimental parameters.

The original Bouc-Wen formulation allows to recreate generic hys-
teresis loops [9,10], not necessarily linked to frictional hysteresis. The
model takes as input a relative displacement, and generates as output
an hysteretic force. By plotting this force versus the relative displace-
ment, an hysteresis loop is generated. In this paper, the hysteretic force
is the friction force Ff of Eq. (1), and it can be expressed as function of a
variable z. The new variable z is the Bouc-Wen hysteresis variable
which is governed by its own time dependant differential equation:

=F x x z z x x( , ) ( , , )f (2)

=z Ax x z z x z| || | | |n n1 (3)

This differential equation allows for the replication of hysteresis
loops and it depends on the displacement x, on the z itself and on 4
parameters that govern the shape of the resulting hysteresis loop: A, β, γ

and n. The influence of these parameters has been widely studied, as
reviewed for example by Ismail et al. [96], but they pointed out that
finding a physical interpretation for each of these parameters was not
possible as each of them (i) could strongly affect the global aspect of the
hysteresis loop shape and (ii) is sensitive to the variations of the others.
A more physical Bouc-Wen formulation is therefore needed to describe
friction phenomena. This formulation has been obtained by normal-
izing the original equation, as already performed by Guo et al. [93],
who proposed a normalized Bouc-Wen model for the modelling of
frictional hysteresis. In short, they introduced new normalized para-
meters defined as follows:

= = >

= =

+

+

( )z , 0,

0, [ 1; 1]

A n A
z

z
z

0

1

0

0

This formulation leads to a normalized Bouc-Wen variable ξ which
varies in [ 1; 1]. This variable ξ is simply a normalized hysteresis loop
that varies between the force limits −1 and 1 (when there is full
sliding). The general Bouc-Wen model expressed in Eq. (3) can be re-
written as:

=
= +

z z
x x(1 ( sgn( )sgn( ) 1 )| | )n

0

(4)

which is equivalent to its original form. Furthermore, the friction
component from Eq. (2) can be rewritten as:

= x xzF x x( , ) ( , , )f 0 (5)

The advantage of writing the Bouc-Wen model as in Eq. (4) is that
the parameters can now be physically linked. In fact, z0 defines the
friction limit µN , where μ is the friction coefficient and N is the normal
load applied to the system. ρ plays the role of the contact stiffness and is
equal to k

µN
t , where kt is the experimental contact stiffness. n 1 con-

trols the microslip region and σ, the global shape of the hysteresis loop.
This formulation facilitates modelling as the physical parameters are
more intuitive than the non-physical parameters used in a traditional
formulation.

One problem that arises using this model, is that during the mac-
roslip regime the friction limit becomes completely flat (since = 1 or

1), while experimentally, a slope in the macroslip region may appear
(see the macroslip slope in Fig. 11). To counter this problem, an addi-
tional term, k xp is added to the friction model from Eq. (5), which can
be seen as an additional linear stiffness in the problem. The friction
model becomes:

Table 2
System parameters of the 2DOF model of the test rig.

Moving mass m1 21.2 kg
Moving arm m2 1.2 kg
Leaf spring stiffness k1 1.4 N µm/
Knife edge stiffness k2 273 N µm/

Fig. 11. Comparison between an experimental and numerical hysteresis loop
using as input the exact experimental parameters.
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= +x x xk µNF x x( , ) ( , , )pf (6)

However, this additional stiffness leads to a change of contact
stiffness in the hysteresis loop. To remove it, the stiffness parameter
present in the Bouc-Wen equation (ρ) shall be now modified as

= k k
µN

t p . A typical hysteresis loop obtained using this modified Bouc-
Wen formulation is shown in Fig. 11, and it is compared to the ex-
perimental one. The exact values of µN , kt and kp were extracted from
the experimental curves and injected into the Bouc-Wen model. The
experimental loops are very well replicated.

4.2.1. Introduction of the wear evolution in the Bouc-Wen friction model
One shortcoming of the existing physically based Bouc-Wen models

is that they do not include wear evolution. To account for this, the
results of [94], which modified the original Bouc-Wen formulation to
account for degradation of the hysteresis loops, is introduced here. The
principle of the form proposed in Ref. [94] is that a function is defined
to represent the degradation of the other parameters in the model.
Here, this idea is introduced to the physically based model of Eq. (4) by
defining a set of wear functions that describe how the physical para-
meters evolve. These evolving parameters are the contact stiffness kt ,
the macroslip slope kp and the friction coefficient μ, and they are all pre-
multiplied by their respective wear functions. The wear functions,
called fµ, fkp and fkt , can take any form which is in agreement with
experimental curves, as the ones shown in Fig. 5a and b, and they can
be formulated as a function of time but also of the dissipated energy. In
this case, the functions were made energy dependent.

The modified Bouc-Wen model that takes the evolution of wear into

account takes the form of:

= +

= +

x x xf E k f E µN

x x

F x x( , ) ( ) ( ) ( , , )

(1 ( sgn( ) 1 )| | )

k p µ

f E k f E k

f E µN
n

f

( ) ( )

( )

p

kt t kp p

µ (7)

where a typical wear function can be of the form:

= +f E a e( ) 1
b
E (8)

Here, a and b depend respectively on the maximum amplitude and
the quickness at which the steady state is reached. When =E 0, then

=f E( ) 1 and therefore the initial value of the parameter is obtained,
since it becomes just pre-multiplied by 1. When E , = +f E a( ) 1,
which leads to the steady state observed experimentally and a is
therefore the normalized change of amplitude of the contact parameter.
This newly modified Bouc-Wen formulation has been used to obtain the
numerical results. Please note that the wear functions can be applied to
any contact model whose evolution of the contact parameters with wear
is known. In fact, this formulation is also valid for Jenkins elements
[5,6] or a Valanis model [7] for example.

4.3. Numerical results

To simulate the evolution of wear with respect to the energy dis-
sipated, a Newmark time integration scheme was used to solve Eq. (1),
where the friction force Ff was calculated by solving Eq. (7) from the
modified Bouc-Wen model. At each time step, the energy dissipated was
computed and the contact parameters (ρ, μ and kp) were updated. Fig. 12a

Fig. 12. Comparison between numerical and experimental results: a) numerical loops; b) numerical loops vs experimental loops for test 1; c) friction coefficient vs
energy dissipated for test 1 (wear function defined in Table 3); d) contact stiffness vs energy dissipated for test 1 (wear function defined in Table 3).
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shows the evolution of the numerical hysteresis loops with respect to the
increase of the dissipated energy. The trend is similar to what was ob-
served experimentally. In fact, the slope of the stick portion of the loops
(i.e. the contact stiffness) increases together with the dissipated energy, as
well as the macroslip slope and the friction force. This confirms the va-
lidity of the proposed method to simulate the evolution of wear in fric-
tional contacts. Several of these curves were superimposed with the ex-
perimental ones for the test 1, as shown in Fig. 12b. The match is in a very
good agreement.

The evolution of the friction coefficient μ and the contact stiffness kt
are illustrated in Figs. 12c and d respectively, and compared with the
experimental results for the wear test 1, showing again a very good
agreement with experiments. This suggests that the wear functions used
for the fitting are adequate. Table 3 shows a summary of the Bouc-Wen
parameters used to generate Fig. 12.

Finally, the FRFs of the system were predicted for the cases before
and after wear, at 7 N and 60 N of normal load, in order to address a
comparison with the experimental ones shown in Fig. 9. The input
excitation force used for the numerical simulation is exactly the same of
the hammer test. The FRF was obtained by plotting the acceleration
(from the solution of Eq. (1)) over the input force, for the range of
frequency of interest. In Fig. 13 the numerical FRFs are shown. The
results are quite promising since they follow the same trend of the
experimental FRFs shown in Fig. 9. For both normal loading conditions,
the natural frequency of the first peak increases after wear. In addition,
for the 7 N normal load case the peak is more damped, while for the
60 N normal load case the peak is less damped.

There is a very good agreement between the trends shown in the
experimental FRFs (Fig. 9) and the numerical predictions (Fig. 13). This
is a promising result as the only calibration performed was to match the
experimental evolution of friction coefficient and contact stiffness with
the numerical evolution by means of the wear functions (Fig. 12c and d
and Table 3). The evolution of these contact parameters corresponded

to a wear experiment conducted at 60 N normal load. Nevetheless, the
model performed well even outside of the calibrated regime of 60 N,
predicting the correct trend of the FRFs also for the 7 N normal load
case. The striking result is that the simple 2DOF model is able to re-
plicate the dynamic behaviour of the system even outside of the cali-
brated regime. It confirms that the system becomes stiffer with wear
(i.e. the natural frequency increases) due to the increases in friction
coefficient, friction limit and contact stiffness. Damping is also well
replicated, confirming the reliability of the numerical approach, but
also highlighting the good quality of the experimental measurements
that feed the friction model.

The newly proposed wear formulation has shown a very good
capability in representing the evolution of both hysteresis loops and
system's dynamics. The proposed wear functions are not restricted to
the Bouc-Wen model. Indeed, they can be easily applied to every con-
tact model that takes as input physical parameters that evolve with
wear such as contact stiffnesses and friction coefficient.

5. Conclusions

This paper presented a combined experimental and numerical in-
vestigation of the effects of wear on the evolution of both frictional
contacts and system dynamics. This was accomplished by conducting a
series of fretting wear tests using a friction rig for hysteresis measure-
ments. Hysteresis loops and rig dynamics were recorded to assess the
effect of wear. Additionally, a numerical analysis was performed to
replicate experimental measurements. A time integration scheme was
used to solve the equations of motion and a newly, wear evolving,
physically based Bouc-Wen model of frictional hysteresis has been
proposed.

The major conclusions and outcomes of this work are:

• To the authors' knowledge, this is the first time that the impact of
wear on the dynamics of a structure has been experimentally
quantified.
• Wear leads to significant shifts in natural frequency and damping of
vibration modes of the structure, due to changes in friction coeffi-
cient, tangential contact stiffness and normal load. However, vi-
bration modes that do not activate contact mechanisms (i.e. they are
not in the sliding direction) seem not to be affected by the wear
evolution of the interfaces.
• Both friction coefficient and tangential contact stiffness increased
within the first fretting cycles before reaching a steady state. One
hypothesis for this behaviour that is currently being tested is that

Table 3
Bouc-Wen parameters used to replicate test 1.

Value Wear Function Parameters

μ 0.11 = + +f E b log aE( ) 1 ( 1)µ a= 1.3e9; b= 0.26

kt 27.3 = +f E a e( ) 1kt
b
E a= 1.32; b= 150

kp 0.88 = +f E aE( ) 1kp a= 0.24
σ 0.5 / /
n 2 / /

Fig. 13. Numerical FRFs, before and after wear, based on the input hammer excitation of the test 1: a) 7 N normal load; b) 60 N normal load. Compare with the
experimental FRFs in Fig. 9.
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the rapid change in the coefficient of friction during the running-in
regime is dominated by the removal of initial surface oxide layers,
and the longer-term change in contact stiffness is due to the evo-
lution in conformity of the contact interfaces.
• A novel and simple formulation has been proposed to account for
wear in contact models used for dynamic simulations. The for-
mulation is based on wear functions that pre-multiply the contact
parameters that are most affected by the fretting wear.
• Wear needs to be included in models to correctly capture the dy-
namics of jointed structures over the lifetime of system.

The contribution of this paper is of particular relevance to the
structural dynamics research community. These contributions pave the
way for a better and more accurate modelling of the dynamics of jointed
structures, with the aim of creating predictive models for an optimal
design of components and for the prediction of catastrophic failures.
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