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Abstract
We present a strategy for identification of contact parameters for dry friction joints. The contact stiffness in
normal and tangential direction is obtained from a halfspace simulation of the rough surface contact, while
the slip limit and a slip stiffness are identified from measured hysteresis data. Calculated FRF obtained from
time domain calculations simulating a swept sine measurement and a multi-harmonic balance solution are
compared to measured FRF data of a Gaul-type resonator.

1 Introduction

The efficient identification of contact parameters for friction joints is still an interesting topic in structural
dynamics. The present paper proposes a mixed approach, where the contact stiffness in normal and tangential
direction are determined by a halfspace simulation of the contacting rough surfaces [8]. This step can be done
a priori without any dynamic measurements. The slip limit however has to be determined from measured
hysteresis data, since there is so far no reliable way to predict friction coefficients exactly.

This approach is demonstrated on an isolated friction joint experiment, the so-called Gaul-resonator, in-
troduced by Gaul and Bohlen in [2] and subsequently investigated in [3, 6, 7]. The identified parameters
are subsequently used in the time-domain simulation of a swept-sine measurement of the resonator exper-
iment. Frequency response functions (FRFs) obtained from actual and simulated measurements show very
good agreement. Comparison with FRFs obtained from a multi-harmonic balance method show also good
agreement, however a very high number of harmonics has to be used.

The following two sections introduce the resonator experiment and the corresponding finite element model
with some basic parameter identification regarding global masses and stiffness, respectively. The identifica-
tion of the contact parameters is shown in Sec. 4. Time domain results are presented in Sec. 5 and compared
to frequency domain results in Sec. 6. Finally, a short conclusion is given in Sec. 7.

2 Experimental set-up

The experimental set-up consists of two monolithic masses shown in Fig. 1.

One of the masses (the left one in Fig. 1) has a cut-out such that the thin remaining bars can act as bending
springs. The parts can be joined by a simple bolted lap joint to form the two-mass system shown in Fig. 2.
The system is driven by an electromagnetic shaker at the left mass. Accelerations are measured at the left
mass opposite to the excitation point (a1), opposite to the joint (a2), and on the right mass (a3). Compared
to the soft bending spring, the masses can be assumed rigid, such that the transmitted joint force T can be
simply evaluated by

T = ma3 , (1)
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Figure 1: Gaul-type resonator: Parts

where m is the mass of the right part. The relative displacement in the joint can be obtained by integrating
twice the differential acceleration

∆a = a3 − a2 . (2)

The bolt is instrumented by strain gauges to measure the normal load and a washer-like piezo-actor is used
to adjust the normal load.

By driving the system close to the first resonance frequency comparatively large transmitted forces can be
generated in an isolated joint free from other boundary conditions except for the unavoidable suspension.

Figure 2: Gaul-type resonator: Experimental set-up
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3 Finite element model

The resonator is meshed with a total of 1100 HEX8-elements and 2031 nodes, the contact interface is meshed
using 48 zero-thickness elements. The bolt is modeled by a single beam element, which is coupled to the
resonator parts by kinematic constraints. The bolt head, nut, and the piezo-actor are accounted for by simple
lumped masses. The normal force N is applied by an initial overlap of the contact interface.

Figure 3: Finite element mesh

3.1 Identification of material parameters

Material data is given in Table 1, where the density is fitted to match the masses of the parts, see Table 2,
while the Young’s modulus is fitted to match the first eigenfrequencies of the mass with spring, which are
obtained by standard EMA, as shown in Table 3.

% E ν N

8040 kg/m3 2.07 · 1011 N/m2 0.32 2 kN

Table 1: Material and loading parameters

Mass Measured Calculated
with spring 5.900 kg 5.900 kg
without spring 5.225 kg 5.257 kg

Table 2: Masses of the resonator parts including eye-bolts
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Mode Measured Calculated
1 541 Hz 541 Hz
2 834 Hz 843 Hz
3 1120 Hz 1127 Hz

Table 3: Measured and calculated eigenfrequencies of mass with spring

4 Identification of contact parameters

4.1 Rough surface measurements

The surface roughness is measured by an optical measurement system (GOM-ATOS) providing STL-data of
the surface with a lateral resolution of about ∆x = 50µm and a vertical resolution of about ∆z = 1µm. The
raw measured surface data for the mass without spring together with the height distribution data is shown
in Fig. 4. Obviously, the height distribution is close to Gaussian as can be expected for a polished surface.
Since we are only interested in the elastic deformation of the surfaces, assuming that all plastic deformation
will take place during the initial loading, only the long-wave content of the surface roughness is relevant.
Therefore the relative low resolution of the ATOS-system compared to a stylus profilometer or an optical
interferometer is acceptable. Figure 5 shows a representative surface element with height data interpolated
from the STL-data of the ATOS-measurements.

Figure 4: ATOS measurement: STL data (left), height distribution (right)

4.2 Halfspace model

The contact between the the two rough surfaces was simulated employing an elastic halfspace model [8] with
a local Coulomb friction law with an assumed local friction coefficient of µ = 0.45.

The normal contact behavior is then obtained as the nominal pressure p as a function of the average ap-
proach g, see Fig. 6. The halfspace results are fitted using a least-squares method by

p(g) = p1

[
exp

(
p2

g

Rq

)
− 1

]
, (3)

where the approach g is normalized by the rms roughness Rq of the joint surfaces. The identified parameters
are shown in Table 4.

The tangential contact behavior shown in Fig. 7 is fitted by an Iwan-model with five parallel Jenkin-elements.
Each Jenkin-element has the same pressure dependent stiffness ck, which is given by

ck =
p

xt
, (4)
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Figure 5: Representative surface element

p1 p2 Rq

0.5443 N/mm2 3.1589 0.0031 mm

Table 4: Parameters for normal contact model

with the elastic slip distance xt. The slip distance and the individual friction coefficients for each Jenkin-
element are again identified by a least-squares fit to the halfspace results and given in Table 5.

Since the friction coefficients depend on the assumed value of the local friction coefficient µ in the halfspace
simulation, the absolute values are not yet determined. However, the distribution of the friction coefficients
is close to linear, such that we can assume a distribution of the form given by (5)

µk = µ0
k
n∑

k=1

k

, (5)

where we will use the value of µ0 to fit our experimental data.
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Figure 6: Normal contact law: Halfspace simulation and fitted contact law (3)
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xt 0.0068 mm
µ1 0.0266
µ2 0.0561
µ3 0.0867
µ4 0.1180
µ5 0.1500

µ0 =
∑
µk 0.4374

Table 5: Parameters for tangential contact

0
4

1

2

3 15

t 
[N

/m
m

2
]

3

10 -3

u [mm]

2

4

10

p [N/mm 2]

5

1 5

0 0

Figure 7: Tangential contact: Halfspace simulation

4.3 Identification of friction coefficient

The unknown friction coefficient µ0 is identified from a comparison of a static hysteresis calculation to a
measured hysteresis close to resonance, where the normal contact parameters are taken from Tab. 4 and the
slip distance xt from Tab. 5. The static solution is obtained using the finite element model by fixing the
right part (mass without spring) at the accelerometer attachment point and applying a given displacement at
the left part at the shaker attachment point,1 see Fig. 2. Since the measured hysteresis shows a significant
stiffness during ”full slip” an additional slip stiffness c0 has to be added to the Iwan-model. The reason for
this additional stiffness are cold welded junctions formed by severe fretting of the rough surfaces during the
experiments as shown in Fig. 8.

The slip stiffness c0 and the total friction coefficient µ0 are obtained using Matlab’s fminsearch, where
the objective function is the weighted sum of the least squares deviations of the time histories of relative
displacement ∆x and tangential force T over one period. Optimized parameters are shown in Tab. 6 and the
resulting hysteresis in Fig. 9.

1Additionally, some soft springs have to be used to suppress rigid body modes.

1782 PROCEEDINGS OF ISMA2018 AND USD2018



Figure 8: Surface with severe fretting

c0 µ0

156 N/mm3 0.576

Table 6: Slip stiffness and friction coefficient

4.4 Modal analysis

As a first check, an experimental modal analysis of the assembled system is performed using very light
hammer excitation to stay in the linear regime at full stick. The results are compared to the numerical results
in Tab. 7 for the first four modes with very satisfactory agreement.
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Figure 9: Fit of calculated static hysteresis to measured hysteresis at f = 329.7 Hz
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Mode Measured Calculated Error
1 150 Hz 150 Hz 0.0%
2 191 Hz 190 Hz 0.5%
3 340 Hz 337 Hz 0.9%
4 441 Hz 428 Hz 2.9%

Table 7: Measured and calculated eigenfrequencies of assembled system

5 Time domain results

The assembled finite element system is now subjected to a simulated swept-sine-measurement in the fre-
quency range f = 320 Hz to f = 340 Hz with a sweep rate of ḟ = 1 Hz/s, resulting in a sweep duration
of tsweep = 20 s. The excitation force is F0 = 50 N. Time integration is performed using standard New-
mark’s method with γ = 0.5 and β = 0.25 without any numerical damping. The fixed time step size is
∆t = 5 · 10−5 s resulting in n = 400000 time steps. The system is completely free without any boundary
conditions. In order to avoid rigid body drift resulting from start-up disturbances, the system is initialized
using a linear harmonic solution (full stick) at the start frequency.

In the following, we will compare the measured and calculated frequency response function (FRF) of the first
harmonic of the acceleration signal at the right mass (mass without spring) due to a harmonic force excitation
at the left mass (mass with spring), simulating the experiment shown in Fig. 2. The FRF is obtained by short-
time FFT using a moving Tukey-window with window size twindow = 0.5 s.

5.1 Original data

Figure 10 shows the calculated FRFs for a up- and a down-sweep in comparison to the measured data. The
agreement is quite good. Beside a small difference in amplitudes, there is some offset in the resonance
frequencies between measured and calculated data and also a slight difference between the numerical up-
and down-sweep data.

The latter effect can be attributed to a too high sweep rate, since calculations with higher sweep rates show
an even greater difference, which vanishes with decreasing sweep rates. However, a calculation with a lower
sweep rate was not deemed feasible, since a single sweep at the given time steps size and sweep rate takes
already about a week wall time on a standard PC. So, the chosen values are already a compromise between
accuracy and calculation time.

Both eigenfrequencies, measured and calculated, are below the corresponding eigenfrequencies of the linear
system at full stick, see Tab. 7. This is to be expected, since the stiffness is reduced during slip in the
nonlinear case. However, the drop is more significant in the experiment (∆f ≈ 10 Hz) than in the simulations
(∆f ≈ 2 Hz). The reason for this effect is not clear and will be the topic of future investigations.

5.2 Tuned damping

To obtain a better fit of the amplitudes, some Rayleigh damping is added to the model. Using stiffness
proportional damping only with a damping factor of dk = 10−6 results in the FRFs shown in Fig. 11.

5.3 Tuned Young’s modulus

To obtain a better fit of the eigenfrequencies, we will finally tune the Young’s modulus toE = 2.014 N/mm2.
The resulting FRFs are given in Fig. 12, showing an excellent agreement between measured and calculated
data.
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Figure 10: Comparison between measured and calculated FRFs (Original data)
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Figure 11: Comparison between measured and calculated FRFs (Added damping)
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Figure 12: Comparison between measured and calculated FRFs (Tuned Young’s modulus)
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6 Frequency domain results

Using the tuned data from the time domain calculations, we perform a multi-harmonic balance analysis [7],
where the nonlinear terms are treated by the alternating-frequency/time domain method (AFT) [1]. One
period was discretized using n = 64 time steps. The tangent matrix was obtained by finite differencing,
resulting in an inefficient but robust and general scheme.

Figure 13 shows the calculated FRFs for different numbers of used harmonics. Obviously, a very high
number of harmonics is needed to obtain a converged result. Convergence is also non-monotonous, since
the amplitude curve for 19 harmonics is slightly higher than for nharm = 13. However, the result for 19
harmonics seems to be converged, since a calculation with 25 harmonics (not shown) will give the same
result in the eyeball norm.

Figure 13: FRFs from multi-harmonic-balance method using different numbers of harmonics

Interestingly, a comparison of the MHB result with the FRF obtained from the time integration shows some
differences, see Fig. 14. There is a very slight shift in the resonance frequency. This shift can be attributed
to the Newmark integration scheme, which has some numerical dispersion leading to a period prolongation,
which results in turn in an underestimation of the resonance frequency [4]. Also the amplitude is not exactly
the same, this may be attributed to a still insufficient number of harmonics. However, a higher number of
harmonics would require an even finer time discretization during the time-domain part of the AFT method,
resulting in very long calculation times. The calculation for nharm = 19 in the given frequency range and
using a coarse frequency increment of ∆f = 0.5 Hz takes already about 5 days wall time on a standard PC,
thus coming close to the time domain calculations.

7 Conclusions

The presented method of parameter identification for dry frictions joints shows, at least for the quite simple
demonstration problem, excellent results. A comparison between time domain and frequency domain results
shows some small differences, which can be attributed to some deficiencies of either method. Since a very
high number of harmonics seems necessary in the multi-harmonic balance method, no clear advantage in
terms of computing time for the frequency domain method can be observed. This can be improved by
substituting the finite difference approximation of the MHB tangent, by a more efficient approximation, see
for example [5], albeit at some loss of generality. But the same holds true for the time domain method, which
would benefit from a proper model reduction.
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Figure 14: Comparison between FRFs from time-integration and multi-harmonic-balance method
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