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Dissipated energy and boundary condition effects associated to dry friction
on the dynamics of vibrating structures

Baraa Al Sayed, Eric Chatelet, Sébastien Baguet, Georges Jacquet-Richardet

Université de Lyon, CNRS, INSA-Lyon, LaMCoS UMR5259, France

In turbomachines, dry friction devices (under platform dampers, shrouds, and tie-wire) are Keywords:
usually introduced to reduce resonant responses of bladed disks. Dry friction between rubbing Dry friCtiOﬂ}
elements induces a highly nonlinear dynamic behaviour which flattens the frequency response Peak flattening

Multi Harmonic Balance Method
Dissipated energy
Boundary conditions

functions. It is clear that such behaviour requires an optimisation process to find the optimum
parameters that lead to the minimum forced response amplitudes. However, different
interpretations still remain concerning the explanation of the physical origin of this type of
flattening. The most common one is based on dissipated energy. In this case, heat resulting
from the relative frictional motion between contacting surfaces is supposed to bring sufficient
dissipation to flatten response functions. On the other hand, a different approach considers that
a decrease in vibrational amplitudes is explained by changes in boundary conditions induced
by a stick/slip behaviour. In this study, a single degree-of-freedom system is used and analysed
both in time and in frequency domains (Harmonic Balance Method) in order to show the
contribution of respectively energy dissipation and change of contact state on peak levels.

1. Introduction

Devices involving dry friction [1,2] are often used to decrease maximal amplitudes of structures during resonance. Each device
is characterised by a different behaviour depending on the geometry, as well as the position and the dimensions of surfaces in
contact. As a consequence, different adapted contact models have been developed, as presented for example in [3-6]. Two main
categories of friction contact models are encountered: Macroslip and Microslip [7]. The main difference between them concerns
the homogeneity of their behaviour along contact surfaces. With a Macroslip model, the behaviour of the contact surface is global
and homogeneous and every contact at any moment is either in a completely slipping or in a completely stuck state. Considering
Microslip models, the behaviour of contact surfaces is no more homogeneous and mixed configurations may be present. Part of the
contact surface may be stuck while another part may slip at the same time. Taking into account the most adapted model, a good
agreement can be obtained between numerical and experimental results, as shown for example in [8-10].

A common characteristic between all friction devices relies on the induced flattening of frequency response function (FRF)
peaks obtained when specific normal loads are applied at the contact. When normal load is very high in comparison with the
excitation force, the dynamic behaviour is almost linear and FRF exhibits high level resonance peaks. For lower normal loads, the
amplitude of peaks diminishes and the FRF may become very flat. Finally, when normal load is much lower than the excitation
force, the dynamic behaviour is linear again and the FRF may exhibit high amplitude peaks [11,12].

Two different approaches are used to explain such flattening. Energetic approaches, as presented for example in [13], suppose a
direct relationship between peak flattening and the energy dissipated by dry friction. Experimentally it is shown that, within stick/
slip states, the amplitudes of FRF decrease and the ratio between dissipated energy and input energy increases. Consequently



dissipated energy is considered as the cause of flattening. On the other hand, peak flattening may be explained as a consequence of
changes in boundary conditions during stick/slip states. The occurrence of different contact states induces a phase difference
between displacement and components of the nonlinear friction force that limit its effect and then explain peak flattening. Several
authors [14-16] analyse bending and/or torsion stick/slip motions associated to industrial applications.

In order to get a better understanding of this phenomenon, a numerical model based on a single dof system is used here. An
energetic analysis and an analysis based on the equilibrium of forces at resonance are both considered. A classical Multi Harmonic
Balance Method (MHBM) operating in the frequency domain [17-19] compared to a reference transient solution obtained in the time
domain is used to determine the influence of dissipated energy and changes in boundary conditions associated to contact states.

2. Developments and contact model

The prediction of responses of systems involving dry friction is complex due to their highly nonlinear behaviour. Different
techniques are available to solve such nonlinear problems. Time domain solutions, based on numerical integrations, give precise
results but are often costly and may induce large discrepancies if time steps are not properly chosen. Frequency based methods
generally reduce drastically computational efforts by considering that the solution is periodic. Different approaches may be used,
depending on the complexity of the structure and the level of non linearity. The classical Harmonic Balance Method is used in
many applications dealing with the dynamics of periodically excited structures with contact and dry friction. Steady state response
approximations of motion are obtained in the frequency domain by decomposing the periodical response of the nonlinear system
into a Fourier series, leading to a set of algebraic equations. The accuracy of this method to predict responses and friction forces is
highly dependent upon the number of harmonics retained. But keeping a too large number of harmonics reduces the interest of the
method.

2.1. Multi Harmonic Balance Method

A single dof system (Fig. 1) associated with a Masing Macroslip contact model (Fig. 2) [18,19]) has been chosen in order to
simplify the numerical procedures and to be able to conduct parametric studies. This system is supposed to model a blade to
ground with Macroslip frictional contact where parts in contact are either slipping or sticking. Contact separation and partial slips
are not allowed here.

A periodic excitation force F,(t) =focos ot is applied to the system, and a normal load F,, is applied to the frictional damper to
load the contact.

For such systems, the motion equation is:

mx + cx + kx = Fou—fy. (1)

Structural parameters are: mass m, stiffness k and viscous damping c. The frictional device is represented by its stiffness k,, the
coefficient of friction p at the contact interface and the normal load F,, which is supposed to be constant. x(t) represents the time
dependent displacement of the entire system while z(t) is the displacement of the contact point with respect to ground. y(t) is the
relative displacement between the mass and the contact point y(t) =x(t) —z(t).

According to the Macroslip approach [19], the friction force f;; can be expressed as:

_ | 4 kq(x(t)—z(t)) when kylx—z| < pF,
Ju(®) = { + WF,sign(?) when kqlx—z| > pF, - 2)

The steady state associated to Eq. (1) may be obtained using the MHBM, which considers the total displacement as a
superposition of harmonic components with frequency .

x(t) = % a,cos(nd) + b, sin(nb) 3)

n=1

where 6 =wt, a, and b, are harmonic (cosine and sine) components and N is the number of harmonic retained.

[

Fig. 1. 1 DOF system.
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Fig. 2. Hysteresis loop (Masing Model): Multi term approximation. Parameters 6* and 6,.

Wang [19] shows that the friction force, when associated with the Macroslip model of Fig. 2, can be approximated as
follows:

Fult) = WF, + ky(x(t)—Anq) for stick contact state 4)
n® T wF,sign(x)  for slip contact state

where Anqx is the highest amplitude of the total displacement and x(t) is given as a function of 6.

N
Ap = Ange = X(86) = 3 a, cos(ny) + b, sin(ny) (5)

n=1

The two parameters 0" and 6y are introduced to determine whether the slider is within a stick or a slip state. Angle 6 is
associated to point A of the hysteresis cycle where the slip state stops and the stick state begins. Angle 6* is associated to point B
where the slip state begins and the stick state stops. Taking into account these two parameters, defining contact states, the
nonlinear force can be developed into two different expressions, one for the stuck state where 6,<6<6* and another for the slip
state where 6*<60<6y +1.

As observed in Figs. 2 and 3, the stuck state is characterised by line (AB) and the slipping state by line (BC).

Changes in contact states from slip to stick are identified by points A and C, at # =6, and 6 =m + 6, respectively. Change from
stick to slip occurs at point B where 6 =6

The nonlinear force due to dry friction is also approximated using a truncated Fourier series as:

N
fu(t) = Zl fen(6)cos(nb) + f5,(6)sin(n6) (6)
n—=
fca(0) and fs;,(6) are functions of the contact model chosen and, as the nonlinear force is antisymmetric [19], can be obtained from
the following Fourier integrals:

s

fen () = fu(t)cos(n)d6 ™)

2%
P

S— +

0 g, ) 0+ 2n
0 [rad]®

Fig. 3. Nonlinear force versus time in THBM, MHBM and time solution for F,, =3 N, frequency =20 Hz.
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Fig. 4. Hysteresis loop given by 1THBM, MHBM (N = 55) and time solution for F,=3 N, frequency =20 Hz.

Oy + 1

2 [ fu(vsin(no)do (8)
6o

foal®) = <
Both expressions (2) of the nonlinear force in stuck and slip states, written as a function of the state parameters 6, and 6*, are
considered when integrating over the proper intervals.
By introducing (3) and its derivatives and (4) into the equation of motion (1) and identifying the cosine and sine components, a
system of N algebraic equations with 2 N+ 2 unknowns ajy, by, ......a,, by, 60, 6% is obtained.

—mo? [ % n*(a,cos(nd) + bnsin(nﬁ))}

n=1

—c[ % n(ansin(ne)—bncos(ne))} 9)

n=1

+k

N N
> a,cos(nd) + bnsin(ne)} + 2 fc,cos(nb) + fs,sin(nB) = fycos(0)
n=1 n=1
Two additional equations are required. The first one states that at 6 =6, displacement x(t) reaches a maximal value A4 and
so, velocity is null. Null velocity is written as:

ox
ot

N
= Y n(b,cos(nby)—a,sin(nby)) = 0. (10)
0="6, n=1

At point B (Fig. 2), the two expressions of the nonlinear force given for stick and slip states are equal. Consequently, the second
additional equation will be:

UF, + kg(x(t)—A,) = —uF, then

UF, + ky % (a,(cos(n®")—cos(nby)) + b, (sin(nb") —sin(ndy))) (11)
n=1

= —UuF,.
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Fig. 5. Relative error for the nonlinear force calculated with THBM and MHBM.



For each pulsation , initial values are needed for 6* and 6y. The unknown coefficients a,, b, " and 6 are determined by solving
Egs. (9)-(11) using a Newton-Raphson iterative method [19].

2.2. MHBM versus time solution

Parameters considered for the numerical application are as follows: mass m = 1.24 kg, system stiffness k=17,890 N/m and
viscous damping ¢ =0.134 Ns/m. Contact stiffness k;=3500 N/m, and dry friction coefficient is n=0.5. f; is taken to unity.
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Fig. 6. a) Frequency response functions for different normal contact loads obtained using the MHBM, b) percentage of stick/slip over a period, and c) evolution of
maximum displacement A,,qx With respect to parameter 7.
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Fig. 7. Shape of hysteresis loop for the three contact states.

Figs. 3 and 4 show the evolution of the nonlinear force as a function of time and displacement respectively. Results obtained
from the MHBM (using N=1 and N=55 harmonics) are compared with those obtained from a time marching direct solution
(Newmark method with constant average acceleration). The Multi Harmonic Balance truncated at the first harmonic will be
denoted as THBM and MHBM will be associated to cases when more than one harmonic are retained.

As expected, the accuracy of the MHBM increases with the number of harmonics considered.

Fig. 5 shows the error obtained for the nonlinear force f;;;(t) when using the THBM as a function of the normal load (reference
results obtained from MHBM with N=55).

This error is 10% at the quasi slip state, increases up to 25% and finally decreases to zero when approaching the quasi stick
region corresponding to the high values of normal force F,. Then, the 1THBM provides an accurate description of hysteresis curves
as well as nonlinear forces, especially for low values of the normal contact force leading to a highly nonlinear behaviour.

2.3. Physical considerations
Fig. 6a gives the FRFs obtained at different normal loads using the MHBM.

For F, =0.01 N, contact is always sliding and the system exhibits a linear behaviour. In this case, the equivalent stiffness is
keq =k and resonance occurs at:

f, = %ﬂw’% = 19.1Hz. (12)

For F,>500 N, contact is always completely stuck and the resonant frequency is in this case a function of both system stiffness
and contact stiffness. The equivalent stiffness is k.;=k +kq and resonance is at:

_ 1 keq_ 1 kd+k7
fr= 5o\ = o[ 20902, (13)

When normal load decreases from 500 N to 0.01 N, contact state changes from stick to stick/slip state. As a consequence of
those changes, peaks become flat and the amplitudes obtained are much smaller than those associated to the linear cases when
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Fig. 8. Dry friction energy for different normal loads.
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Fig. 9. Response amplitudes for different normal loads.

contact is stuck or slipping. The dynamic behaviour obtained with a simple single dof system with dry friction exhibits the three
different contacts states (stick, stick/slip and slip) and peak flattening is classically observed.

The advantage of representing results with respect to the difference between parameters 6* and 6y lies in an easier
comprehension of shape changes induced on the hysteresis curves during various contact states.

An illustration of the transformation of hysteresis curves is given in Fig. 7. The case of slip contact induces a small difference
between 6" and 0y and, graphically, when approaching this state, point B becomes closer to point A than to point C (Fig. 2). As a
consequence, the hysteresis curve degenerates into a horizontal line. When approaching the stick state, difference in the two
parameters comes close to 17, and point B becomes closer to point C. In this case, the hysteresis curve evolves toward a line with a k;
slope. The percentage of the stick state 7 over a period of motion is defined as 7=100.(0* — 6y)/m. It is equal to zero for systems
without friction and increases with the increase in contact normal force. 7=0% and 7= 100% correspond to pure slip and pure
stick motions respectively.

The maximal efficiency of the considered damping device, corresponding to the minimum amplitude in Fig. 6¢ is observed at a
frequency of 20 Hz and a normal force F, = 3 N. According to Fig. 6b, (6*—6y) is in this case equal to nr/2, then 7= 50%. This specific
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Fig. 10. a) Dissipated energy by dry friction for different normal loads. b) Dissipated energy by dry friction for F,, =100-200-300-350 N.
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Fig. 11. Total dissipated energy for different normal loads.

state corresponds to a semi stick semi slip configuration. Fig. 6¢c combines the results of Fig. 6a and b. Fig. 6a shows that for a given
normal force F,, there exist only one maximum amplitude A,.x and an associated frequency. From Fig. 6b, it appears that at this
frequency, are associated a unique set of contact parameters 6* and 6y, and consequently a unique value of 7. Fig. 6¢ gives the
evolution of the maximal amplitude calculated for each normal load as a function of parameter 7. Maximal efficiency is clearly
obtained for 7=50%.

3. Dry friction and viscous dissipated energy

The energy dissipated by the dry friction damper Eicrion and by the viscous damper E,jscous is calculated over a period of one
forcing cycle at steady state, using the following expressions:

Efﬁction = ffnl(t)ydt (14)
T

Eviscous = J-Fviscous)édt = IC(X)Zdt = T[C(D(Amax((x)))z (15)
T T

where f,,(t) is the nonlinear contact force, y(t) the relative displacement between damper and mass, and A,,,qx the amplitude of the
total displacement x(t) associated with forcing frequency .

The dissipated energy by dry friction may be obtained from the hysteresis loop giving the nonlinear friction force f(t) as a
function of the relative displacement y(t). Relations between response functions and dry friction dissipated energy are illustrated
in Figs. 8-10. Those results are associated to three given normal forces F,, that induce the three specific contact states: majority slip
for F,=1 N, stick/slip for F,=3 N and finally F,,=10 N for majority stuck. The case F,=1 N gives the highest magnitude of
response, the largest hysteresis curve and the highest dry energy dissipation. F,, =3 N gives the lowest amplitude associated to the
thinnest hysteresis curve, whereas F, =10 N leads to greater levels in magnitude.

Fig. 10a shows the energy dissipated by dry friction for different normal loads varying from 0.01 N to 350 N. At very low values
of normal loads, the system is purely slipping. As the system is purely slipping, dry friction energy dissipation tends to zero. For
very high normal loads F,>350 N, relative motion is no more possible (stuck state) and dry energy dissipation tends to zero as
well. There is no dissipated energy by dry friction associated to those two limit linear cases.

_____ Friction Energy
,,,,,,,,,, Viscous Energy
Total Energy

Energy [J]

™%

Fig. 12. Evolution of total dissipated energy as a function of parameter 7 associated to the maximal displacement.
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Fig. 13. Ratio of dissipated energy by dry friction Egcion to total dissipated energy E;o as a function of frequency for different normal loads.

The total dissipated energy is obtained by adding dissipation due to dry friction Epiction and viscous damping Eyiscous as
expressed in (16).

Etot = Efriction + Eviscous (16)

Fig. 11 gives the evolution of the total dissipated energy and the same conclusions as made previously appear clearly.
Dissipated energy decreases also with peak amplitude lowering (Fig. 6a).

Fig. 12 superimposes the evolution the maximum of the total energy, the dry friction energy and the viscous energy (obtained
from Figs. 10a and 12) as a function of 7. Using this representation, low normal loads are located near 7= 0% whereas high normal
loads are located near 7= 100%.

It is interesting to examine the ratio of energies associated to dry friction and to viscous damping (Fig. 13). When normal load is
low, contact is mainly slipping and the rubbing element becomes prominent and can dissipate more than 95% of the total
dissipated energy. Within stick/slip states the influence of the rubbing element is much more significant than the influence of the
viscous damper. Viscous damping energy is almost negligible within stick/slip zone and participates significantly only for the quasi
linear cases associated to low and high normal loads.

Energy dissipated by dry friction exhibits two maxima, corresponding to F, =1 and F, =200 N (Fig. 10). These maxima are also
associated to the resonance peaks, as observed in Fig. 6a. Below F,, =1 N, the system tends to a pure slip behaviour and so Eicrion
tends to zero (Fig. 10a). Beyond F, =200 N, the system tends to pure stick behaviour and Egcsion tends also to zero (Fig. 10b).
Efriction has @ minimum value at the optimum value of the stick-slip states, corresponding to the minimum displacement
amplitude, observed for 7= 50% in Fig. 6c.

The total energy is also minimum for 7= 50%, and globally follows the same evolution than the maximal amplitude response of
Fig. 6¢.

As a conclusion, since the minimum in displacement does not correspond to the maximum of dissipated energy, neither total
dissipated energy nor energy only dissipated by dry friction is sufficient to explain FRF flattening.

4. Changes in the contact state due to stick/slip behaviour

The MHBM has a major interest here as it allows defining a phase parameter that describes changes in boundary conditions
within stick/slip motions. The nonlinear tangential force can be conveniently expressed as:

N N
Ju(t) = Zl feq cos(nb) + Zl J5n SiN(n0) = fricos(MO) + frysin(16). (17)

n= n=
c —fnlcos(t)
= —fnlsin(t)
g fni(t)
£ —x(t)
[0
o
]
&0
a
=3
g /2
o
L e’

6 0 [rad] Op+T

Fig. 14. foicos (t), fusin (t), fue (t), and x(t) as function of angle 6.
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Fig. 15. In-phase and out-of-phase components of the nonlinear force with the MHBM.

Fig. 14 shows the same evolution for f;,(t) over a cycle period 2m (as drawn in Fig. 3), its cosine and sine components fycos(t),
fusin(t) and displacement x(t). This figure demonstrates that displacement x(t) and nonlinear force f,;(t) are in phase, with maxima
at =6y as defined for the Macroslip model presented in Fig. 2. The sine component is also in phase with x(t). On the other hand,
the cosine part of the nonlinear force is confirmed as out-of-phase with respect to displacement. These results stand whatever the
value of the normal force F, and the value of frequency, i.e. whatever the value of 7.

Fig. 15 gives the evolution of the nonlinear tangential force f,,; as well as the in-phase F,5;;, and out-of-phase F,;c,s components
of the nonlinear force calculated using the MHBM (N =55), as a function of parameter 7. For low normal forces, and then for low
values of stick percentage 7 close to 0%, the magnitude of the nonlinear force starts at zero (totally slip state). Both Fycos and Fysin
have the same contribution until reaching the optimum of the stick-slip states at 7= 50%.

At this point, F,c.s begins to decrease and the nonlinear force increases and becomes almost equal to F;s;; when approaching
the stick state. Close to the stick state (7=100%), f,(t) is almost equal to the magnitude of its in-phase component F;, whereas
the magnitude of the out-of-phase component F,;.,s is almost equal to zero.

This phenomenon can be physically explained as follows: close to the stick state, the nonlinear force becomes linear and in
phase with displacement; implying that the contribution of the in-phase component will be dominant whereas the contribution of
the out-of-phase component will be negligible.

When examining all the forces acting, the viscous force and the cosine component of the nonlinear force are always out-of-
phase with respect to displacement, whereas the inertial force, the spring force and the sine component of the nonlinear force are
in phase. Peak flattening is measured at the maximal amplitude A4« that occurs at a particular value of frequency o denoted Q.
The in-phase forces with respect to displacement x(t) are:

Inertial Force : f,,(t) = m& (t) = —mQ?x(t) (18)
Restitution Force : fong (t) = k.x(t)

N

In—phase tangential Force : fy,(t) = Y f5,sin(no).
n=1

Consequently, the maximal value of the total in-phase force F, associated to maximal amplitudes is:

Fp =F, + Fspn'ng + Fusin (19)

107
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102

1079
0 20 40 60 80 100
T%

Fig. 16. Evolution of maximum displacement A,q, with respect to 7 for c=0 and c=0.134.
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Fig. 17. Evolution of the in- and out-of-phase forces per displacement (F, and F,) with respect to 7.

Fy = —[Imx(o)ll, Fspring = k|lx(t)ll = kApqx,
N
Fnlsin = ng:l fsnsin(ne)H = “fnlsin(t)”

The out-of-phase forces are:

Viscous force : fi;(t) = cx(t)
Out—of —phase tangential Force :

N
Fatcos(t) = ngl fc,cos(nB)

with a maximum F, at:

Fo = Fvisc + Fnlcos

N
Fyise = |lcX(®)l|Fpicos = Hngl feacos(nd) ‘ = |fatcos (Il

These forces may be written per displacement unit F,, and Fox:

_”mx(t)“ Fnlsin

Fyx =k + Hisin
p/x Amax Amux
”C).é (t)” Fnlcos
F = + /===
o/ Amax Amax
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Fig. 18. Evolution of (Fycos/Amax) and (Fyisc/Amax) components of the out-of-phase per displacement force, with respect to 7.
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Considering equilibrium, it becomes:

Ftot/x: Fg/x“—F2

p/x
llex(@)ll Fnlcos)2 < [ImX ()l Fz-)z
= + + (k= + - nisin 24
\/( Amax Amax Amax Arnax ( )
_
Amax

where fj is the excitation force. Fig. 16 presents the evolution of the amplitude A4 as a function of the stick percentage 7. The
highest amplitudes are obtained in the case of quasi linear slipping and stuck contact. The optimal state, associated to the lowest
amplitude, is obtained at 7=50% where a period of oscillation is constituted by half-stuck and half-slip motions.

Fig. 17 shows the evolution of the in-phase and out-of-phase forces per displacement unit Fyx and F, . The total in-phase force
appears clearly negligible when compared to the out-of-phase component, excepted close to purely slip and stick states where
both components have the same order of magnitude. The maximum value for F,, occurs at 7= 50% where the lowest maximal
amplitude A4, has been noticed before.

Fig. 18 gives the two components of the total out-of-phase force F,, associated to dry friction Fyjcos/Amax and to viscous damping
Fuisc/Amax- Viscous damping effects cannot be neglected close to completely stuck and to completely slipping contact states.
Elsewhere, the total out-of-phase force F, is very well approximated by Fyjcos/Amax- This result is confirmed by Fig. 16 which shows
the highest amplitude A4« as a function of the different contact states for both cases with and without viscous damping. Whatever
the case, the optimal stick/slip states remains at 7= 50% with about the same value of amplitude and viscous damping effect is only
significant for the completely stuck or slipping states.

Fig. 19 superimposes the evolution of the maximal displacement amplitude, the dry friction dissipated energy Egiction and the
out-of-phase force per displacement unit F,/ given as function of the percentage of stick 7.

When Apq reaches its lowest value at 7= 50%, the energy dissipated by dry friction Egcion is the lowest while the out-of-phase
force F,/x reaches a maximum.

The effect of the nonlinear force appears clearly when viscous damping is not considered. The maximal amplitude is at
resonance and, in this case, the total in-phase force per displacement unit Fp, given by Eq. (22) is classically equal to zero. Without
viscous damping, the total out-of-phase force per displacement unit F, is only constituted by the cosine component Fyc,s of the
nonlinear force:

F
F,y = nlcos (26)

Amm<
Then, the equilibrium given Eq. (5) reduces to:

F,
Fiot/x = Fg/x + Fg/x =Foyx = Anlcos = fo/ Amax- (27)
max

Consequently, the maximal amplitude A, is inversely proportional to the out-of-phase force per displacement.

As a conclusion, changes in contact states during a stick/slip phase has a major influence on the out-of-phase force per
displacement unit and consequently on the maximal vibration amplitudes. Then, FRF flattening may not be explained by energy
dissipation induced by the rubbing element but by the perturbation in boundary conditions it induces during each vibration cycle.
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5. Conclusion

The objective of the present study is directed toward the identification of the physical causes explaining the flattening
phenomenon of FRF peaks of structures including dry friction devices. Two different hypotheses, classically found in the literature,
have been examined: the first is related to energy dissipated and the second implies changes in contact states during stick/slip
motions.

Numerical results, obtained using a representative single degree-of-freedom system, show that peak flattening cannot be
associated to an increase in the dissipated energy induced by dry friction nor to an increase in the total dissipated energy (dry
friction and viscous damping) as those two quantities decrease with amplitude. Considering dissipation, it should be however
noticed that a majority of the whole dissipated energy may be associated to dry friction within stick/slip states.

On the other hand, the analysis of the different forces acting on the system at resonance proves that when contact moves
toward stick/slip states, the out-of-phase force per displacement unit increases, implying a decrease in vibration amplitudes. The
contact state that minimises amplitudes is half-stuck and half-slip when viscous damping is neglected. When viscous damping is
considered and for classical values of damping ratios, the optimal contact state changes slightly towards more stuck
configurations. However, also in this case, the increase in the out-of-phase force per displacement unit when contact moves
toward stick/slip states is confirmed to be the real cause of peak flattening.
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