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ABSTRACT

Accurate prediction of the vibration response of aircraft en-
gine assemblies is of great importance when estimating both the
performance and the lifetime of their individual components. In
the case of underplatform dampers, for example, the motion at
the frictional interfaces can lead to a highly nonlinear dynamic
response and cause fretting wear at the contact. The latter will
change the contact conditions of the interface and consequently
impact the nonlinear dynamic response of the entire assembly.
Accurate prediction of the nonlinear dynamic response over the
lifetime of the assembly must include the impact of fretting wear.
A multi-scale approach that incorporates wear into the nonlinear
dynamic analysis is proposed, and its viability is demonstrated
for an underplatform damper system. The nonlinear dynamic
response is calculated with a multiharmonic balance approach,
and a newly developed semi-analytical contact solver is used to
obtain the contact conditions at the blade-damper interface with
high accuracy and low computational cost. The calculated con-
tact conditions are used in combination with the energy wear
approach to compute the fretting wear at the contact interface.
The nonlinear dynamic model of the blade-damper system is then
updated with the worn profile and its dynamic response is re-
computed. A significant impact of fretting wear on the nonlinear
dynamic behaviour of the blade-damper system was observed,
highlighting the sensitivity of the nonlinear dynamic response
to changes at the contact interface. The computational speed
and robustness of the adopted multi-scale approach are demon-
strated.

INTRODUCTION

The dynamic response of a system normally occurs at a
global level at high frequencies, which makes it a macroscale
problem of short duration. By contrast, fretting wear, which is
caused by the dynamic response, occurs at asperity level (mi-
croscale) over a long period of time. In order to compute the
impact of fretting wear on the dynamic response of an assem-
bled structure, the space and time multi-scales must be linked
together appropriately. A large research effort has focused on
modelling fretting wear for a quasi-static problem [1–5] but only
a few attempts have been made to investigate the link with the
dynamics of a system. Most wear computations are based on
finite element models, and solve the contact problem for one cy-
cle, post-process the contact data and use a wear law, typically
Archard’s law [6], to calculate wear depth fields. After each cy-
cle the contact surface of the FE mesh is updated, by moving
each node to include the wear depth, and this procedure is re-
peated until a final number of cycles or a maximum wear depth
is obtained. To overcome the prohibitive computational costs
of these methods for industrial applications, Gallego et al. [7]
have proposed a quasi-static multi-scale approach that couples
a finite element model for the global structural behaviour to a
semi-analytical solver. This allows a much finer discretisation of
the contact area while keeping computational cost low. Salles et
al. [8, 9] also used a multi-scale approach but they proposed a
numerical treatment of fretting-wear under vibratory loading. In
their approach, two separate time scales are used: a slow scale
for tribological phenomena and a fast scale for dynamics. For a
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given number of vibration periods, a steady state is assumed and
the variables are decomposed into Fourier series. An Alternating
Frequency Time procedure is performed to calculate the nonlin-
ear forces, after which a hybrid Powell solver is used. This work
was the first to use numerical analysis to show the coupling be-
tween dynamic and tribological phenomena. They also showed
that even with wear depths as small as a few microns, the vibra-
tory response is greatly affected.

In the present paper, a new multi-scale approach is proposed
to calculate and evaluate the impact of fretting wear on the dy-
namic behaviour of assembled structures. This new approach
differs from [7] in that it applies the semi-analytical method to a
nonlinear dynamic problem. The main difference with Salles et
al. work lies in the additional use of two separate space scales:
a macro-scale for the dynamic analysis and a micro-scale for the
contact analysis and wear computation, which allows a better
discretisation of the contact area and hence a higher accuracy.
In the following, each component of the proposed approach is
described, and then the approach is applied to an underplatform
damper system to demonstrate the impact of wear on the nonlin-
ear dynamic response of the system.

DESCRIPTION OF THE MULTI-SCALE ANALYSIS
Three separate tools are used for the multi-scale analysis:

(i) a nonlinear dynamic solver providing a multiharmonic vibra-
tion response of the blade-damper system, (ii) a semi-analytical
contact solver enabling a refined contact analysis at the blade-
damper interface, and (iii) a wear energy approach to calculate
the fretting wear of the contacting surfaces. The full approach is
summarised in a flow chart (Fig. 3).

Nonlinear dynamic analysis
The in-house code, FORSE, is used here to analyse the non-

linear response of the underplatform damper system. FORSE
is based on the multiharmonic representation of the steady-state
response and allows large scale realistic friction interface mod-
elling. The main features of the methodology can be found
in [10–14]; in this paper only an overview of the analysis is pre-
sented. The equation of motion of an underplatform damper sys-
tem consists of a linear part, which is independent of the vibra-
tion amplitudes, and a nonlinear part resulting from friction at
the blade-damper interfaces. It can be written in the following
form:

Mq̈(t)+Cq̇(t)+Kq(t)+ f [q(t), q̇(t)] = p(t) (1)

where q(t) is a vector of displacements for all degrees of
freedom (DOFs) in the blade-damper system; K, C, and M
are stiffness, damping, and mass matrices of the linear model;
f [q(t), q̇(t)] is a vector of nonlinear, friction interface forces,

FIGURE 1: Scheme of the forced response analysis

which is dependent on displacements and velocities of the in-
teracting nodes; and p(t) is a vector of periodic exciting forces.
The variation of the displacements in time is represented by a
restricted Fourier series, which can contain as many harmonic
components as necessary to approximate the solution, i.e.,

q(t) = Q0 +
n

∑
j=1

(
Qc

j cos m jωt +Qs
j sin m jωt

)
(2)

where Qc,s
j are vectors of harmonic coefficients for the system

degrees of freedom (DOFs); n is the number of harmonics that
are used in the multiharmonic displacement representation; and
ω is the principal vibration frequency. The flow chart of the cal-
culations performed with the code is presented in Fig. 1. The
contact interface elements developed in [12] are used to model
the nonlinear interactions at contact interfaces and analytical ex-
pressions for the multiharmonic representation of the nonlinear
contact forces and stiffnesses. The nonlinear algebraic system of
the reduced model is obtained using a hybrid reduction method
developed by Petrov [14,15] leading to a nonlinear system in the
frequency domain

Q̃ = A(ω)(F̃− F̃nl(Q̃)), (3)

Q̃ being the vector of the Fourier coefficients of the displace-
ments at the interface, A(ω) the frequency response, F̃ the vec-
tor of the Fourier coefficients of the excitation force and F̃nl the
vector of the Fourier coefficients of the nonlinear contact forces.
This nonlinear system is solved by means of the alternating fre-
quency time procedure (AFT) [9, 16] depicted in Fig. 2. z de-
notes the tangential slips and w are the wear depths. DFT and
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iDFT refer to the Discrete Fourier Transform and the inverse Dis-
crete Fourier Transform, respectively. fff pre is the prediction of
the nonlinear contact forces in time domain based on a penalty
method and fff cor is the correction of these contact forces to ensure
the frictional contact laws are respected.

Q̃

Prediction: Penalty
fpre = k(q − z − w)

Correction: contact with friction
update z

+ -

F̃nl res = Q̃− A(ω)
(
F̃− F̃nl

)

iDFT

fcor

DFT

Newton-Raphson iteration

FIGURE 2: Scheme of the AFT procedure

Semi-analytical contact solver
The semi-analytical contact solver used for the computation

of the refined contact analysis at the interface between the blades
and the damper has been presented in detail and validated previ-
ously in [17, 18]. It is used to calculate the initial static normal
load distribution required to obtain the reference forced response
of the unworn system. In addition, it is used in combination with
the wear energy approach to predict the fretting wear of the con-
tacting surfaces over time.

The contact solver is based on the use of the projected conju-
gate gradient method [19] and a discrete-convolution fast Fourier
transform to accelerate the computation. It assumes the elastic
half-space body description, which makes it possible to use the
Boussinesq and Cerruti potentials [20, 21] to compute the elastic
deflections in the normal and tangential directions from the pres-
sures and shear tractions in the contact area. Equation 4 gives the
component of normal displacement uz due to a pressure distribu-
tion p. Equation 5 is the discretised form of Eq. 4 on a regular
grid of Nx×Ny points. Similar equations are used to compute the
the tangential displacements. The first step of the algorithm is
to solve the normal contact problem using the conjugate gradient
method, after which the tangential problem can be solved using
the Coulomb friction law to bound the shear distribution in the
slipping region.

uz(x,y) =
1−ν2

πE

+∞∫

−∞

+∞∫

−∞

p(ξ ,η)√
(ξ − x)2 +(η − y)2

dξ dη (4)

where E and ν are the Young’s modulus and Poisson ratio of the

material, respectively.

uz(i, j) = Kzz ⊗ p =
Nx

∑
k=1

Ny

∑
l=1

p(k, l)Kzz(i− k, j− l) (5)

where ⊗ denotes the discrete convolution product and Kzz(i, j)
are the discrete influence coefficients [18] that give the normal
displacement resulting from unit pressure on the element centred
on the grid point (i, j).

Wear computation
Once the normal and tangential contact conditions have been

calculated with the semi-analytical solver, the wear energy ap-
proach [2, 22–24] is used to compute fretting wear. In this ap-
proach, the total wear volume obtained after Ncycles is assumed
to be proportional to the accumulated dissipated energy:

V = α

Ncycles

∑
n=1

Edn (6)

where α is a wear coefficient determined experimentally and Edn
is the dissipated energy due to friction during the nth cycle.

Based on the wear coefficient, the wear depth ∆hi j at each
node after one cycle can be calculated using:

∆hi j = α

∫ T

0

∥∥qi j(t)
∥∥∥∥∆vi j(t)

∥∥dt (7)

where qi j and ∆vi j are respectively the vectors of the two tan-
gential shear stresses and the relative tangential velocities at the
grid point (i, j), and T is the duration of one vibration cycle. The
energy wear coefficient used in the analysis is based on Leonard
[25] and is equal to 2×103 µm3 J−1 for a steel-steel fretting con-
tact; however, it should be noted that for an accurate analysis,
proper fretting wear measurements should be performed on the
used materials in order to obtain an accurate energy wear coeffi-
cient.

Proposed multi-scale approach
The multi-scale approach is summarised in the flow chart in

Fig. 3. First of all, a refined contact analysis is performed using
the semi-analytical contact solver to provide the static pressure
and gap distributions required for the definition of the 3D con-
tact elements used in FORSE. Then, a nonlinear dynamic anal-
ysis is conducted in FORSE to obtain the unworn nonlinear dy-
namic response and the contact loads (forces and moments) at
the interface. The sum of the contact loads are then computed
at the centre of the contact area over a vibration cycle, including
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the normal force N, the two tangential forces Tx and Ty, the two
bending moments Mx and My and the torsional moment Mz. The
resulting forces and moments are used in the SA contact solver to
determine the pressure, shear and slip fields for each increment
of the fretting cycle. The convergence of the solution for each
increment is ensured by enforcing the residuals of the conjugate
gradient to be minimum within a given tolerance, as described
in [18]. The wear energy approach is then used to calculate the
wear depth over the contact surface. The wear obtained after one
vibration cycle is so small that it would not impact the interface
forces, and therefore a number of cycles Ncycles, associated with
a total wear depth of ∆hmax, is computed before the refined con-
tact analysis is performed again (referred to as a ‘wear iteration’
). The nonlinear dynamic model is updated at a lower frequency
which can be based on a given number of wear iterations or on
the total wear volume. The 3D nonlinear contact element defini-
tion is updated with the new worn profile and the corresponding
new static pressure distribution obtained from the SA solver, and
a new nonlinear dynamic response is computed, which provides
an updated set of contact forces to the wear computation. This
procedure is continued until either a maximum total number of
cycles or a maximum total wear volume at the contact interface
has been reached.

THE UNDERPLATFORM DAMPER TEST CASE
The test case selected to demonstrate the developed analy-

sis technique is a blade-damper system, which is a very com-
mon mechanical structure in high pressure turbines (HPT) with
a well-understood nonlinear dynamic behaviour. Past experience
indicates that significant wear can occur at the damper during op-
eration, but its impact on the bladed-disk dynamics is normally
neglected. A simplified blade-damper geometry of a recently-
developed underplatform damper test rig [26] will be used to
demonstrate the change in the nonlinear dynamic response due
to damper wear.

Linear Finite Element Model
Using the Rolls-Royce in-house finite element (FE) code

SC03, a full three-dimensional finite element model, depicted in
Fig. 4, has been generated with quadratic hexahedral elements
for both blades (54,972 elements) and the damper (3,620 ele-
ments). Particular care has been taken to refine the mesh at the
contact interfaces to allow the introduction of a sufficient number
of friction elements for the nonlinear analysis. This fine discreti-
sation of the contact is required to capture local microslip effects
which play a critical role in the wear process. The wear analysis
will focus on the first out-of-phase flap mode of the two blades
(see Fig. 4), which shows no damper rotation and therefore max-
imises the dissipated energy and wear at the contact interfaces.

Start

Contact analysis in SAM

Initial pressure/gap distributions

Nonlinear dynamic
analysis in FORSE

Sum of the contact loads
(N ,Tx,Ty,Mx,My,Mz) along
an entire cycle (t = 2π/ωr)

Refined contact
analysis in SAM

Pressure, shear and
slip distributions

Wear energy approach

Wear depth after one
cycle at each node: ∆hij

Wear acceleration:
Ncycles = floor(∆hmax/max(∆hij))

∆hij = Ncycles ∗ ∆hij

Niterations ≥ Nmax

end criterion

Stop

yes

yes

no

no

FIGURE 3: Scheme of the multi-scale analysis

Nonlinear Contact Model
The coupling between the blades and the damper is achieved

by 152 full three-dimensional friction elements at each blade-
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X

Y

Z global

FIGURE 4: 1st out-of-phase flap mode of the two blades

XY
Z

local

FIGURE 5: Nonlinear contact element locations

damper interface, as shown in Fig. 5. The chosen number of
elements enables a good discretisation of the contact area, while
keeping the computational time acceptable. Each friction ele-
ment connects a linear finite element node from one side of the
contact to its matching node on the opposing side of the contact
and transmits the nonlinear forces. The friction element, which is
depicted in Fig. 6, is defined by the area A it covers, the friction
coefficient µ , the tangential and normal contact stiffness kt and
kn, and the static pressure p, which describes the initial contact
condition at the blade-damper interface. It is also possible to ac-
count for an initial gap g by specifying a negative initial pressure
p = −kn ∗ g/A. This last feature will be used during the analy-

TABLE 1: CALCULATION PARAMETERS

Parameter Value

Young’s modulus of the blade, E1 (GPa) 210
Young’s modulus of the damper, E2 (GPa) 210
Poisson ratio of the blade, ν1 0.3
Poisson ratio of the damper, ν2 0.3
Friction coefficient, µ 0.6
Normal load, N (N) 428.81

sis to update the nonlinear dynamic model and include the worn
geometry during the iterations, thereby eliminating the need for
updating and recalculation of the linear finite element model.

𝒈𝒂𝒑 = −
𝒑𝑨

𝒌𝒏
 

𝒛(𝒕) 

𝒙(𝒕) 
𝒚(𝒕) 

µ 

𝒌𝒏 

𝒌𝒕 

𝒌𝒕 

𝑨 

FIGURE 6: Friction interface element

RESULTS
Static Normal Load

The semi-analytical contact solver was used to solve the nor-
mal contact problem between the damper and the blade; this pro-
vides the accurate static normal load required to perform the ini-
tial nonlinear dynamic analysis. The input parameters for this
computation are given in Tab. 1. The normal load on each con-
tact patch is derived from the centrifugal load CF = 1×103 N,
applied to the damper, as shown in Fig. 4, using the following
formula:

N =
1
2

CF
(cos(θ)+µ sin(θ))

(8)

where θ is the damper angle and µ is the friction coefficient.
Each face of the blade-damper contact interface is discre-

tised into a regular grid of 128 × 128 elements for the SA anal-
ysis. The contacting surfaces are assumed to be perfectly flat
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and smooth such that there is no initial separation between the
damper and the blade. The calculated pressure distribution, pre-
sented in Fig. 7., led to a uniform central part and exhibited
higher values along the boundaries of the contact area, which is
expected given the singularity of the stress fields at these loca-
tions. It should also be borne in mind that the semi-analytical
contact solver is based on the half-space assumption, which may
lead to a slight loss of accuracy, as discussed in [18]. From this

FIGURE 7: Initial pressure distribution

very detailed pressure distribution, the value at each nonlinear
contact node was linearly interpolated to provide the initial static
pressure required for the nonlinear dynamic analysis in FORSE.
None of the nonlinear nodes is located on the boundaries of the
contact area, which mitigates the impact of the boundary effects
inherent to the flat-on-flat contact geometry.

Nonlinear dynamic behaviour of the unworn system
An initial nonlinear dynamic analysis was performed on the

unworn system. The excitation and response node locations are
shown in Fig. 4; the excitation and response are in the X di-
rection of the global coordinate system shown Fig. 4. Figure
8 shows the nonlinear frequency response functions of the first
out-of-phase flap mode of the unworn blade-damper system un-
der a very low excitation level (0.1N) that leads to a linear be-
haviour, and under a higher excitation (17N) for which a strong
nonlinear behaviour can be observed. The nonlinear behaviour
is due to the transition of some of the frictional elements in the
contact area from stick to slip at resonance. This behaviour is
illustrated in Fig. 9 which shows the state of the nonlinear con-
tact elements at resonance under the 17N excitation. It can be
seen that the lower parts of the damper remain fully stuck while
the rest of the elements experience stick-slip transitions. A line
of contact elements (green color in the plot) near the upper edge

439 439.5 440 440.5 441 441.5 442
0

0.5

1

·10−2

Frequency3 (Hz)

N
or

m
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is
ed
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la
ce

m
en

t(
m

m
/N

)

Excitation 0.1 N
Excitation 17 N

FIGURE 8: Frequency response function of the unworn system

of the patch even experiences separation during the vibration cy-
cle. This separation is due to the widening of the upper gap be-
tween the platforms during a vibration cycle. Figure 10 shows
the normal and tangential force fields at resonance at the point
in the vibration cycle when the total tangential force is maxi-
mum. It can be seen that the tangential forces at the nodes Ft are
mostly orientated in the x direction (of the local coordinate sys-
tem shown Fig. 5), and that the normal load Fn shows a gradient
along the x direction, which results in the moment My shown in
Fig. 12. These results are consistent with the expected physical
behaviour of the blade-damper system; for the first out-of-phase
flap mode, the damper is moving straight up and down, leading
to only one component of tangential forces (Fx) combined with
the normal force Fn. Furthermore, when the damper experiences
this pure translation, a relative rotation around an off-centred line
between the two contact surfaces generates a moment My, as can
be observed in the vector plot of Fig. 10.The moments My on the
right and left side of the damper are equal and opposite, so that
they have no effect on the damper motion. As previously dis-
cussed, the semi-analytical contact solver requires the forces and
moments at the centre of the contact patches as inputs. Figure 11
shows the sum of the nodal forces on the left contact patch dur-
ing one vibration cycle at resonance for a 17N excitation and Fig.
12 shows the sum of the moments. The resulting total loads are
nearly identical between the right and left contact patches due to
the symmetry of the system and of the considered mode.

Refined contact analysis and wear computations
Following the computation of the nonlinear forces at the

centre of the contact interfaces, these values are used with the
semi-analytical contact solver to obtain more accurate contact
conditions for the wear calculation. For this analysis, the input
parameters were the same as those presented in Tab. 1. The
results are used in conjunction with the wear energy approach
to compute the fretting wear at the contact interface. Figure 13
shows the total wear depth obtained after 500 and 1,000 wear it-
erations (which corresponds to approximately 5.7e9 and 1.1e10
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FIGURE 9: Contact conditions at resonance

FIGURE 10: Normal and tangential force fields at resonance

vibration cycles). It can be seen that the wear is concentrated
along the four edges of the contact patch where the moment My
around the y-axis leads to a slightly asymmetric pressure and
more wear on the top edge of the contact patch. Figure 14 dis-
plays the evolution of the pressure distribution with wear. Once
the edges of the contact patch are worn out, the pressure distri-
bution is no longer singular at these locations and bounded peaks
are now observed at the boundaries of the newly worn contact
patch. This redistribution of the pressure leads to a slight in-
crease at the centre of the contact interface, creating a new ini-
tial condition for the nonlinear dynamic analysis. These results
were obtained using MATLAB on a regular workstation (Intel
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−200
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200

400

Increments

A
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)

Fx Fy Fn

FIGURE 11: Total forces at the centre of the left contact patch
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FIGURE 12: Total moments at the centre of the left contact patch

FIGURE 13: Wear patterns after 500 (a) and 1000 (b) iterations

Core i3-4340 3.6GHz); each wear iteration took approximately
80 seconds (wall clock time).

Impact of wear on the nonlinear dynamic response
Figure 15 shows the nonlinear FRFs obtained for three dif-

ferent worn configurations: for the first two configurations, the
nonlinear dynamic model is updated only once after 500 and
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FIGURE 14: Impact of wear on pressure distribution

1,000 wear iterations. For the third configuration, the nonlinear
dynamic model is updated every 500 iterations. It is very inter-
esting to see that even with a wear scar covering only a small area
and a maximum local wear depth as small as 0.07µm, a signifi-
cant impact on the nonlinear response of the system can be ob-
served, both in terms of damping and resonance frequency. A no-
table difference can be seen between the response obtained after
updating the nonlinear dynamic model every 500 and 1,000 iter-
ations, which indicates that the nonlinear dynamic model should
be updated more often. As previously discussed, updating the
nonlinear dynamic model after every wear iteration would not be
sound because the amount of wear at each iteration is so small
that it would result in no noticeable impact on the dynamic re-
sponse. Furthermore, the computational cost of such a process
would be prohibitive, which is why an optimum number of wear
iterations should be computed before updating the nonlinear dy-
namic model. These simulations were run on a cluster node with
a 20-core CPU Intel Xeon E5-2620 2GHz and lasted approxi-
mately 5h45min each (wall clock time).
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FIGURE 15: Impact of wear on the nonlinear FRF

FIGURE 16: Contact conditions at resonance with the worn pro-
file

Figure 16 shows the contact conditions at resonance ob-
tained with the worn profile after 1,000 wear iterations. The
lower pressure at the edges of the contact area, as seen in Fig.
14, results in more nodes experiencing separation and stick-slip
transitions during the vibration cycle, which in turn leads to a
lower resonance frequency and a larger dissipation.
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FIGURE 17: Evolution of the dissipated energy per cycle over
time

Figure 17 shows the evolution of the dissipated energy per
cycle, which is proportional to the wear rate over time. It can
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be seen that after an initial peak, which is due to the no wear /
wear condition transition, the wear rate is fairly constant up to
the simulated 1,000 wear iterations. It can also be observed that
updating the nonlinear dynamic model after 500 iterations leads
to a lower dissipation, which explains the higher amplitude in the
response shown Fig. 15.

CONCLUSIONS
A multi-scale approach is proposed to evaluate fretting wear

and predict its impact on the nonlinear dynamic response of a
blade-damper system. A combination of a multiharmonic bal-
ance solver, a newly developed semi-analytical contact solver
and the energy wear approach allowed an accurate and compu-
tationally efficient contact analysis and wear computation. The
presented results demonstrate the sensitivity of the nonlinear dy-
namic response to changes at the contact interface; the wear pat-
terns led to a redistribution of the contact pressure, which in turn
changed the underlying nonlinear mechanisms at the interface
from sliding at the edges only to sliding over a larger part of
the contact interface. In summary, the proposed multi-scale non-
linear dynamic analysis taking wear into account is a powerful
tool to accurately predict the nonlinear dynamic response of an
assembled structure over its lifetime.
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der dynamical loading”. Mécanique & Industries, 11(3-4),
May, pp. 277–282.

[9] Salles, L., Blanc, L., Thouverez, F., and Gouskov, A. M.,
2011. “Dynamic analysis of fretting-wear in friction con-
tact interfaces”. International Journal of Solids and Struc-
tures, 48(10), May, pp. 1513–1524.

[10] Petrov, E. P., and Ewins, D. J., 2004. “Generic friction
models for time-domain vibration analysis of bladed disks”.
J. Turbomach., 126(1), p. 184.

[11] Schwingshackl, C., Petrov, E., and Ewins, D., 2012. “Mea-
sured and estimated friction interface parameters in a non-
linear dynamic analysis”. Mechanical Systems and Signal
Processing, 28, pp. 574 – 584.

[12] Petrov, E. P., and Ewins, D. J., 2003. “Analytical formula-
tion of friction interface elements for analysis of nonlinear
multi-harmonic vibrations of bladed disks”. J. Turbomach.,
125(2), p. 364.

[13] Petrov, E. P., and Ewins, D. J., 2004. “State-of-the-art
dynamic analysis for non-linear gas turbine structures”.
Proceedings of the Institution of Mechanical Engineers,
Part G: Journal of Aerospace Engineering, 218(3), Jan.,
pp. 199–211.

[14] Petrov, E. P., 2011. “A high-accuracy model reduction for
analysis of nonlinear vibrations in structures with contact
interfaces”. J. Eng. Gas Turb. Power, 133(10), p. 102503.

[15] Petrov, E. P., and Ewins, D. J., 2007. “Advanced model-
ing of underplatform friction dampers for analysis of bladed
disk vibration”. J. Turbomach., 129(1), p. 143.

[16] Salles, L., Blanc, L., Thouverez, F., Gouskov, A. M., and
Jean, P., 2012. “Dual time stepping algorithms with the
high order harmonic balance method for contact interfaces
with fretting-wear”. J. Eng. Gas Turb. Power, 134(3),
p. 032503.

[17] Armand, J., Salles, L., and Schwingshackl, C. W., 2015.
“Numerical simulation of partial slip contact using a semi-
analytical method”. Proceedings of the ASME 2015 Inter-
national Design Engineering Technical Conferences.

[18] Armand, J., Salles, L., and Schwingshackl, C. W., 2016. “A
Semi-Analytical Solver For Partial Slip Contact Analysis ”.
Manuscript submitted for publication.

[19] Polonsky, I. A., and Keer, L. M., 2000. “Fast methods for
solving rough contact problems: A comparative study”. J.
Tribol., 122(1), p. 36.

[20] Johnson, K. L., 1985. Contact Mechanics. Cambridge Uni-

9 GTP-16-1240 / Armand

Journal of Engineering for Gas Turbines and Power. Received June 20, 2016; 
Accepted manuscript posted August 2, 2016. doi:10.1115/1.4034344 
Rolls-Royce plc

Acc
ep

te
d 

Man
us

cr
ip

t N
ot

 C
op

ye
di

te
d

Downloaded From: http://gasturbinespower.asmedigitalcollection.asme.org/ on 08/01/2016 Terms of Use: http://www.asme.org/about-asme/terms-of-use



versity Press. Cambridge Books Online.
[21] Love, A. E. H., 1906. A Treatise on the Mathematical The-

ory of Elasticity. A Treatise on the Mathematical Theory of
Elasticity. at the University Press.

[22] Huq, M. Z., and Celis, J.-P., 2002. “Expressing wear rate in
sliding contacts based on dissipated energy”. Wear, 252(5-
6), Mar., pp. 375–383.

[23] Fouvry, S., Liskiewicz, T., Kapsa, P., Hannel, S., and
Sauger, E., 2003. “An energy description of wear mech-
anisms and its applications to oscillating sliding contacts”.
Wear, 255(1-6), Aug., pp. 287–298.

[24] Ramalho, A., and Miranda, J., 2006. “The relationship
between wear and dissipated energy in sliding systems”.
Wear, 260(4-5), Feb., pp. 361–367.

[25] Leonard, B. D., 2008. “An experimental and numerical in-
vestigation of the effect of coatings and third body on fret-
ting wear”. PhD thesis, Purdue University.

[26] Pesaresi, L., Schwingshackl, C. W., Salles, L., Elliot, R.,
Jones, A., and Green, J. S., 2015. “Numerical and ex-
perimental investigation of an underplatform damper test
rig”. Proceedings of ICoEV 11th International Conference
on Engineering Vibration, pp. 691–703.

10 GTP-16-1240 / Armand

Journal of Engineering for Gas Turbines and Power. Received June 20, 2016; 
Accepted manuscript posted August 2, 2016. doi:10.1115/1.4034344 
Rolls-Royce plc

Acc
ep

te
d 

Man
us

cr
ip

t N
ot

 C
op

ye
di

te
d

Downloaded From: http://gasturbinespower.asmedigitalcollection.asme.org/ on 08/01/2016 Terms of Use: http://www.asme.org/about-asme/terms-of-use




