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Abstract

Accurate prediction of the vibration response of friction joints is of great importance when estimating both
the performance and the life of build-up structures. The contact conditions at the joint interface, including
local normal load distribution and contact stiffness, play a critical role in the nonlinear dynamic response.
These parameters strongly depend on the mating surfaces, where the surface roughness is well known to
have a significant impact on the contact conditions in the static case. In contrast, its effects on the global
and local nonlinear dynamic response of a build-up structure is not as well understood due to the complexity
of the involved mechanisms. To obtain a better understanding of the dependence of the nonlinear dynamic
response on surface roughness, a newly proposed multiscale approach has been developed. It links the surface
roughness to the contact pressure and contact stiffness, and in combination with a multiharmonic balance
solver, allows to compute the nonlinear dynamic response for different interface roughness. An application
of the technique to a single bolted lap joint highlighted a strong impact of larger roughness values on the
pressure distribution and local contact stiffness and in turn on the nonlinear dynamic response.
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1. Introduction

Engineering structures usually comprise many components that are often connected together via bolted
joints and interact through contacting interfaces. Under dynamic excitation, forces occurring at these
contact interfaces can have a significantly nonlinear character. At low excitation amplitudes, most of the
joint surface remains stuck and behaves linearly. At higher excitation amplitudes, parts or all of the joint
surface experiences stick-slip transitions which may lead to a significant softening effect in the dynamic
response, as well as some energy dissipation due to friction resulting in an increased damping and wear of
the components [1, 2, 3].

The understanding of the joint behaviour is greatly driven by the experimental characterisation of the
joints [4, 5, 6, 7, 8, 2, 1], leading to a great diversity in the treatment of joint models depending on the
application and the computational power at hand. Some examples include detailed finite element models
of joint components [9, 10, 11], continuum element approaches using zero-thickness elements [12, 3] and
thin-layer elements [13, 14, 15], lumped models [6, 16, 17], whole-joint modelling using hysteresis elements
[18, 19], and node-to-node coupling with friction contact elements [20, 21, 22, 23, 24]. In the latter modelling
approach a number of friction elements is introduced across the contact area in order to capture its nonlinear
behaviour. Each friction element is based on a modified Coulomb model and is characterised by: (i) normal
load, (ii) friction coefficient (iii) normal and (iv) tangential contact stiffness. Currently the values of the
contact stiffnesses are assumed to be uniform across the contact area in all node-to-node approaches, although
previous works [25, 26] showed that these values were dependent on the loading conditions. This dependency
can lead to a variation of the localised contact stiffness with regards to the initial contact condition at the
interface, but also during a vibration cycle. Given the often high sensitivity of frictional joints towards
the contact stiffness [27, 28], this variation can be expected to have a significant impact on the nonlinear
dynamic response and must be considered during analysis.

In the present paper, a new multiscale approach is proposed to compute the local values of the contact
stiffnesses depending on surface roughness and loading conditions, and evaluate the impact on the dynamic
behaviour of an assembled structures. Two separate space scales are used: a macro-scale for the dynamic
analysis, and a micro-scale for the contact analysis which allows a better discretisation of the contact area
and hence a higher accuracy. The proposed approach will be described in detail before applying it to a single
bolted joint to demonstrate the impact of surface roughness on the local contact conditions and in turn on
the nonlinear dynamic response of the system. It is worth noting that in this study, the contact is assumed
to remain elastic, i.e. the asperities do not deform plastically and no plastic flow occurs underneath the
contact surfaces.

2. Current nonlinear dynamic modelling approach

A previously developed nonlinear dynamic analysis code FORSE (FOrced Response SuitE) will be used
in this investigation. FORSE is based on the multiharmonic representation of the steady-state response and
allows large scale realistic friction interface modelling. The main features of the methodology can be found
in [29, 30, 31, 21, 32] and only an overview of the analysis will be presented here to provide the necessary
background information.

The equation of motion of a frictional joint can be expressed as a linear part, which is independent of
the vibration amplitudes, and a nonlinear part resulting from friction at the interface. It can be written in
the following form:

Ma(t) + Ca(t) + Ka(t) + Fla(t), a(t)] = p(t) (1)

where q(t) is a vector of displacements for all degrees of freedom (DOFSs) in the system; K, C, and M
are stiffness, damping, and mass matrices of the linear model; f[q(t), q(t)] is a vector of nonlinear, friction
interface forces, which is dependent on displacements and velocities of the interacting nodes; and p(t) is a
vector of periodic exciting forces. The variation of the displacements in time is represented by a restricted
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Figure 1: Scheme of the forced response analysis

Fourier series, which can contain as many harmonic components as necessary to approximate the solution,

q(t) = Qy + Z (Q; cos mjwt + Q7 sin mjwt) (2)
j=1

where Q;’s 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 w is the principal vibration
frequency. The calculations performed with the code to obtain a nonlinear dynamic response are summarised
in the flowchart in Fig. 1. The linear representation of the structure is based on a finite element model,
but in order to model the nonlinear interactions at the contact interface, the contact interface elements
developed in [31] are being used.

In the current modelling approach, a detailed FE model of the system is used to extract the modal
properties required for the model. In order to reduce the size of the problem and therefore its computational
cost, a hybrid reduction method developed by Petrov [32, 33] is then applied. The matching FE nodes
at the two contact interfaces are then connected via nonlinear contact elements [31] to form an assembled
structure for the nonlinear dynamic analysis. Each friction element, depicted in Fig. 2, comprises two
coupled Jenkins elements [34] allowing for 2D in-plane motion, and a third spring element allowing for
normal load variation. Four parameters characterize its properties: the friction coefficient u, the initial
normal load Ny, and the tangential k; and normal k, contact stiffness. The values of u, k, and k; are
usually determined experimentally [35, 36, 37] and are assumed to remain constant throughout the analysis.
The initial normal load Ny at the interface is usually obtained via a nonlinear quasi-static analysis using a
FE software. The final nonlinear algebraic system of the resulting reduced model in the frequency domain
can then be represented as

Q= Aw)(F — Fu(Q)), (3)

where Q is the vector of the Fourier coefficients of the displacements at the interface, A(w) the frequency
response, F the vector of the Fourier coefficients of the excitation force and F,; the vector of the Fourier
coefficients of the nonlinear contact forces. This nonlinear system is solved by means of an alternating
frequency time procedure (AFT) [38, 39] depicted in Fig. 3 where z denotes the tangential slips. DFT and
iDFT refer to the Discrete Fourier Transform and the inverse Discrete Fourier Transform, respectively. fpre
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Figure 2: 3D nonlinear contact element

is the prediction of the nonlinear contact forces in time domain based on a penalty method and f.., is the
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Figure 3: Scheme of the AFT procedure

The analysis results in a nonlinear frequency response function of the structure, together with detailed
information about the contact conditions and energy dissipation at the interface nodes.

3. Multiscale approach for variable contact stiffness

As discussed earlier, it is necessary to account for variable contact stiffness across the contact area in
order to obtain a more accurate prediction of the nonlinear response of a friction joint system. In the
multiscale approach that is proposed here, the local contact stiffness is computed using a Boundary-Element
-Method-based contact solver previously developed and validated by the authors [40, 41].

3.1. A contact solver based on the Boundary-Element-Method (BEM)

The contact solver uses the projected conjugate gradient method [42] 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 [43, 44] to compute the surface elastic



deflections in the normal and tangential directions from the pressures and shear tractions in the contact
area. Equation 4 gives the component of normal displacement u, due to a pressure distribution p.

+o00 +o00o
IR el p(&,n) dtd 4

where F and v are the Young’s modulus and Poisson ratio of the material, respectively. Equation 5 is the
discretised form of Eq. 4 on a regular grid of N, x N, points.

N, Ny

u(i,f) = Koo @p =Y plk, Ko (i =k, — 1) (5)

k=11=1

where ® denotes the discrete convolution product and K,,(i,j) are the discrete influence coefficients [41]
that give the normal displacement resulting from unit pressure on the element centred on the grid point (3, j).
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.

3.2. Multiscale approach for contact stiffness computation

The combination of the nonlinear dynamic analysis in FORSE (see section 2) and the BEM-based contact
solver described in the previous section was originally proposed for a multi-scale approach to evaluate the
influence of wear on the nonlinear dynamic response [41]. Significant modifications and refinements were
necessary to allow an accurate computation of contact stiffnesses for rough surfaces using the BEM-based
contact solver. It was necessary to compute the normal load, the initial gap as well as the normal and
tangential contact stiffnesses very accurately to provide improved input data to the friction elements used
in the nonlinear dynamic analysis.

Initially a refined contact analysis is performed using a BEM-based contact solver on the whole contact
interface (see Fig. 5). The applied loading is the total normal load transmitted through the contact area,
which in case of a bolted joint corresponds to the tightening force of the bolt. The result of this analysis is a
normal load and gap distribution which can be used to define all the 3D nonlinear contact elements used in
FORSE (see Fig. 9). In a next step a separate contact analysis is performed over the area of every nonlinear
contact element, using the previously extracted local normal loads. This analysis allows the computation
of the characteristic ‘normal load - indentation’ curve, from which a localised normal contact stiffness k,,
can be extracted. At this stage in the process, the tangential load transmitted through the contact is not
known and the tangential stiffness k; cannot be extracted from the contact solver yet. An initial k; value
must therefore be assumed, which is based on Mindlin [45]:

n v)

where v is the Poisson ratio of the material.
Using this initial set of parameters defining the 3D contact elements, namely the normal load N, the gap
g, the measured friction coefficient p and the computed normal and tangential contact stiffness k,, and k;
for each element, a nonlinear dynamic analysis is conducted in FORSE. The dynamic loads transmitted
through the contact over one vibration cycle at resonance are then extracted from that analysis. These
dynamic loads are in a next step used as new inputs for the contact solver. Now that the tangential loads
are available as well, the frictional hysteresis loop can be computed for each nonlinear element, from which
the tangential contact stiffness can be extracted, as described in Fig. 4.

It is worth noting that the current nonlinear friction model implemented in FORSE does not allow the use
of contact stiffnesses varying with the normal load, which is why the used contact stiffnesses are computed
for the average normal load obtained over one vibration cycle.
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Figure 4: Frictional hysteresis loop and definition of tangential contact stiffness k¢ [27]

4. Application to a resonator system with smooth contact interface

The impact of a normal load dependent contact stiffness on the dynamic response will be investigated
on a lap joint with a single bolt, depicted in Fig. 6, and previously proposed and studied by Sifl and
Willner [3, 46]. The setup consists of an oscillator which is made of stainless steel and primarily consists
of two masses which are connected through a bending spring and a bolted lap joint. As both parts of the
structure are monolithic, the only joint in the system is the central bolted joint which can be investigated
in an isolated manner.

4.1. Linear finite element model

A full three-dimensional finite element model (see Fig. 6) has been generated in Abaqus with linear
hexahedral elements for both masses (19504 elements) and the bolt (7830 elements). The bolt is rigidly
connected to each mass via “tie constraints”. Particular care has been taken to refine the matching meshes
at the contact interfaces to allow the introduction of a sufficient number of friction elements for the nonlinear
analysis. This fine discretisation of the contact is required to capture local microslip effects which play a
critical role in the energy dissipation of the system. All linear components of the system have the same
material properties which are a Young’s modulus of 198,400 [MPa], a Poisson ratio of 0.3 and a density of
7,949 [kg/m3].

4.2. Nonlinear contact model

In order to observe the nonlinear dynamic behaviour of the studied system, and more precisely the first
breathing mode of the leaf spring (with motion occuring only along = direction) depicted in Fig. 7, an initial
nonlinear dynamic analysis was performed. In this analysis, a number of 3D nonlinear contact elements
has been introduced at the contact interface. Each friction element 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. A convergence analysis, based on the resulting FRFs, showed that 340 friction elements
were sufficient to obtain a converged dynamic response for the mode of interest, which is the first bending
mode of the bending spring shown in Fig. 6. This number of friction elements has been used in all subsequent
analyses presented in this paper. Similarly, the use of the first three harmonics, plus the harmonic ‘zero’ in
the Fourier truncated representation of the response was shown to be sufficient.
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Figure 5: Scheme of the multiscale analysis

For this initial analysis, the contact surface of the joint is supposed to be perfectly flat and smooth.
A nonlinear static analysis performed in Abaqus with a 30kN pretension load of the bolt is providing the
normal load required for the definition of each friction element used in the nonlinear dynamic analysis.
The pre-tensioning of the bolt is applied by using the bolt load feature available in Abaqus. The shaft
of the bolt is cut at mid-length through a pre-tension section, and the prescribed force is applied to this
section along the axis of the bolt. A surface-to-surface approach with a direct enforcement method (based
on Lagrange multipliers) is then used to solve the contact problem. A penalty method formulation with a
friction coefficient ;1 = 0.6 is used to describe the frictional behaviour. The resulting pressure distribution
is shown in Fig. 10. As expected, the pressure is maximum around the bolt hole and reduces concentrically
leading to an area of lower compression on the corners of the contact interface.
For the baseline modelling approach, the normal and tangential contact stiffnesses of each contact element
are set to 6e4[N/mm3] based on previous measurements reported in [30] to represent the current best
practice. For the multiscale approach model, these values are replaced by the ones computed using the
BEM-based contact solver, as described in section 3. For the initial comparison, only the normal contact
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Figure 6: Finite Element model of the resonator

Figure 7: Deformed shape of the first breathing mode of the leaf spring

stiffnesses were extracted from the contact solver and the tangential contact stiffnesses were assumed to
be equal to the normal ones. Figure 8 shows the values of normal contact stiffness k,, computed using the
contact solver. It can be seen that these values are consistent with the pressures shown in Fig. 12: the
higher the pressure, the higher the normal contact stiffness. Compared to the uniform value of 6e4 N/mm3]
used in the current modelling approach, the computed values of k, vary greatly across the contact area
between 0 (where there is no contact) and 1.74e5 [N/mm3] around the hole where the pressure is maximum.
Interestingly, the average value of k,, is 6.6e4 [N/mma3], which is very close to the measured reference value
of 6e4 [N/mm3].
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Figure 9: Nonlinear contact element locations (a) and 3D nonlinear contact element (b)

4.3. Nonlinear dynamic response: comparison between the current modelling approach and the newly pro-
posed multiscale approach

Figure 11 shows the obtained dynamic response under different levels of excitation in the z direction (see

Fig. 6 which shows the excitation and response nodes location) for the baseline and the updated stiffness
model, which illustrates the typical behaviour of a frictional joint: at low excitation level, the joint is fully
stuck so its response is linear whereas at higher excitations, some parts of the joint interface start slipping,
which leads to a softening effect and an increased damping. The presented results are consistent with the
numerical and experimental results of Sif} [3, 46].
Figure 11 also shows that the newly proposed multiscale approach leads to very similar results to the
baseline model with constant contact stiffness across the contact area. This can be probably attributed
to the closeness between the baseline and the average multiscale contact stiffness, which leads to a similar
stiffness of the entire contact, and therefore to a similar frequency behaviour of the global dynamic response
shown in Fig. 11.

Figure 12 shows the applied pressure on each nonlinear contact element as well as the resulting contact
conditions and dissipated energy at resonance under an excitation of 500[N]. Similar results are obtained
with both methods: in the region underneath the bolt, the high pressure resulting from the tightening of the
bolt prevents relative slip at the contact interface; this part of the joint remains fully stuck and therefore
does not dissipated any energy. Outside this area, further away from the bolt, the pressure decreases and
relative motion is observed; the nonlinear contact elements experience stick-slip transitions and dissipate
frictional energy. Even further away from the bolt, at the edges of the contact area, the much lower pressure
allows separation between the two contacting surfaces during a vibration cycle, leading to a mixture of
energy dissipation and total loss of contact stiffness.
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Figure 10: Contact pressure in [MPa] under a 30kN bolt tightening load
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Figure 11: Frequency response functions of the resonator

It is worth noting that despite using the same normal load for each contact element within the two ap-
proaches, localised differences can be observed in the contact conditions and dissipated energy. These
differences are due to the change of contact stiffness alone, i.e. using an uniform value of contact stiffness
across the contact area for the baseline model and values computed for each friction element using the
BEM-based contact solver for the newly proposed model. This demonstrates the potential of the proposed
multiscale approach to capture the localised contact conditions accurately which is particularly important
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for future wear predictions or joint contact optimisation.
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Figure 12: Contact pressure in [MPa] (a), contact conditions (b) and dissipated energy in [mJ] (c) at resonance for the reference
(top) and the new model (bottom)

5. Study of the effects of roughness on the nonlinear dynamic response

Surface roughness is expected to strongly impact the normal and tangential contact stiffness and therefore
the computation of the local contact conditions for a rough contact is likely to have much bigger impact on
the nonlinear dynamic response than that observed for the previously considered smooth surface.

5.1. Comparison between smooth and rough contact

To investigate the effect of surface roughness, different surface finishes have been generated, where the
RMS roughness was kept between 0.025[um] and 50[um], as given in ISO 1302. All these rough surfaces
have been generated using 256 x 256 points. As a result, the analyses performed in the contact solver on the
entire contact surface were done using a regular grid of 256 x 256 elements. A finer meshing of the surface
in the contact solver would not increase the accuracy but instead would amplify the boundary effects at the
edges of the contact area. Figure 13 shows one of the simulated rough profiles and the resulting contact
morphology under a 30[kN] normal load. The heights of the profile follow a Gaussian distribution with
a root-mean-square (RMS) roughness R, = 10[um] and a correlation lengths of 0.5[mm| in both z and
y directions. The heights of the profile have been magnified in Fig. 13 to allow the visualisation of the
roughness. As can be seen on the right part of that figure, the real contact area is significantly reduced
compared to the smooth surface and represents only 2.7% of the total potential contact area. This results
in a completely different pressure distribution now consisting in local peaks of much high pressure.

Smaller values of R, (1[pm] and 5[wm]) have also been generated and the corresponding results are shown
in section 5.2, but due to their similarity to the R, = 10[um] case only the latter one will be discussed in
detail. In order to evaluate the effect of the resulting localised pressure distribution on the dynamic response,
initially a nonlinear dynamic analysis was performed using the new pressure distribution only, but keeping
the reference values of contact stiffness, i.e. k, = k; = 6e4[N/mm3] for all nonlinear contact elements. In
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Figure 13: Profile heights [mm] (left) and morphology of the contact under a 30[kN] normal load (right)

a next step, the normal contact stiffnesses was computed with the contact solver, and proportional values
of tangential contact stiffnesses were obtained by Eq. 6, since it was expected that the contact stiffness
at the different elements would vary significantly. Finally, the values of k, and k;, computed from the
contact solver were used to consider all relevant effects for the dynamic response of the system. These three
configurations will be referred to respectively as ‘multiscale v1’, ‘multiscale v2’ and ‘multiscale v3’ (see Tab.
1). In the analysis of each local contact area, for which contact stiffnesses have been extracted, a regular grid
of 16 x 16 elements was used, which is enough to reproduce the local surface profile accurately. As mentioned
for the global contact analysis, a further mesh refinement would amplify the boundary effects at the edges
of each local contact element. The resulting distributions of stiffness computed by the contact solver are
shown in Fig. 14. Fig. 14a) shows the normal contact stiffness used in the configurations ‘multiscale v2’
and ‘multiscale v3’. Fig. 14b) is the tangential contact stiffness, proportional to the computed values of k,,,
according to Eq. 6 and used in ‘multiscale v2’. Finally, Fig. 14c) shows the computed tangential stiffness
from the contact solver, used in ‘multiscale v3’. As expected, the computed values of stiffness vary greatly
across the contact area, in line with the non-uniform pressure distribution shown in Fig. 13.

In order to quantify the effects of the computed contact stiffnesses on the global dynamic response, an
equivalent value was calculated for each configuration, representing an average value of stiffness between
all nonlinear contact elements. It can be seen in Fig. 15 that despite using the reference value of 6e4
[N/mm3] in ‘multiscale v1’, a significant drop in global joint stiffness occurs, since the roughness reduces
the real contact area so that fewer nonlinear contact elements actually come into contact during the dynamic
analysis. A further drop of the global joint stiffness is observed for the configurations ‘multiscale v2’ and
‘multiscale v3’. This is due to the fact that all local contact stiffnesses computed by the contact solver are
below 4.5e4[N/mm3] which is lower than the baseline value of 6e4[N/mm3]. Interestingly, using the Mindlin
analytical solution for the tangential contact stiffness (see Eq. 6) yields to almost the same equivalent global
tangential stiffness than that obtained using the contact solver values. This means that in this particular
case, Mindlin theory is providing a good average value of the tangential contact stiffness. However, some
discrepancies can be observed locally in Fig. 14 which justifies the need to use the contact solver for an
accurate evaluation of the local contact conditions.

The nonlinear dynamic response for the 1st breathing mode of the oscillator for each of the above
mentioned joint models was computed at three different excitation levels (500[N], 1000[N], 2000[N]), and

12



‘ Normal load ‘ k, ‘ ky

current approach (smooth) from Abaqus 6ed [N/mm3| 6ed [N/mm3|
multiscale v1 (rough) from contact solver 6ed [N/mm3] 6ed [N/mm3]
2(1 -
multiscale v2 (rough) from contact solver | from contact solver ((ZV))kn
—v
multiscale v3 (rough) from contact solver | from contact solver | from contact solver

Table 1: Contact parameters for all tested configurations
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Figure 14: (a) Computed normal contact stiffness kn [IN/mm3], (b) Mindlin tangential contact stiffness [N/mm3] and (c)
computed k¢ [N/mm3]
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Figure 15: Equivalent normal and tangential contact stiffness for all tested configurations

the results are shown in Fig. 16. The changes of contact stiffness between the multiscale approaches v1 |
v2 and v3 do not result in a significant changes of the global dynamic response which is in line with their
relatively similar averaged values from Fig. 15. It is interesting to notice, that the baseline approach with
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Figure 16: Frequency response functions of the resonator for different contact parameter setups
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Figure 17: Contact conditions (top) and frictional dissipated energy distribution [mJ] (bottom) at resonance under a 500 [N]

excitation

a much higher contact stiffness still leads to only marginally stiffer resonance frequencies, indicating that
this particular joint geometry is relatively robust with regards to contact stiffness variations. All multiscale
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approaches tend to increase the energy dissipation in the contact, leading to a reduction in amplitude,
but only the 1000[N] case shows a significant change. This is reflected in the local contact conditions
and frictional dissipated energy at resonance in Fig. 17, where a very different picture emerges for the
multiscale approach when compared to the baseline model. The originally clearly identifiable zones of stick,
slip and separation have entirely disappeared, with all contact conditions now distributed over the entire
contact zone. Although a reduced number of nonlinear elements is undergoing stick-slip transitions for the
multiscale models the tangential relative motion between the contacting surfaces is much larger, which in
turn leads to a larger frictional energy dissipation in certain hotspots (see bottom row of Fig. 17). To
further demonstrate this increase in energy dissipation, the global hysteresis loop of a single vibration cycle
for all four configurations has been plotted in Fig. 18, showing the significantly larger displacements and
enclosed area of the multiscale approach.

5.2. Effects of Ry on the nonlinear dynamic response

To understand the impact of different roughness values on the contact stiffness and the nonlinear dynamic
response, four different surfaces with a root-mean-square roughness R, of 1um, 5um, 10um and 15um and
correlation lengths cl, = cly = 0.5mm were generated. Figure 20 shows the resulting morphology of the
contact where it can be seen that as R, increases, the fractional real area of contact decreases from 22.1%
to 2.0%. With regards to the resulting stiffness (computed following multiscale v3), as R, increases the
real contact area decreases, leading to an increase of the local pressures and therefore to an increase of
the corresponding local contact stiffnesses from the contact solver. Interestingly, Fig. 19 shows that the
equivalent stiffness of the joint decreases for higher values of R,, which can be attributed to the fact that
the loss of contact stiffness due to the decrease of the real contact area has a much stronger impact on the
global stiffness than the increase of some local contact stiffnesses.

The effect of the roughness values on the nonlinear frequency response can be seen in Figure 21 for
the four different profiles and for three different excitation levels, 500[N], 1,000[N] and 2,000[N]. The
same dependency on the R, values can be observed for all three excitation levels: the higher Ry, the lower
the resonance frequency and the higher the energy dissipation. The drop in frequency is in line with the
reduction in global stiffness at higher R, values observed in Fig. 19, while the change in energy dissipation
can be explained with Fig. 22. It shows that for higher values of R, the same tangential load 7}, leads to
higher relative tangential motions. As a result, although there are less and less contact elements dissipating
energy, the total frictional dissipated energy, which is equal to the area of the presented hysteresis loops,
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increases with R, leading to a more damped frequency response function.
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6. Discussions

6.1. Comments on the proposed approach and its results

The proposed approach permitted to evaluate the influence of roughness on the nonlinear dynamic
response of a friction joint. It was shown that the surface roughness has a very strong impact on the contact
conditions that are the pressure distribution and the normal and tangential contact stiffnesses. Roughness
reduces drastically the real contact area, which leads to a fundamentally different contact pressure than that
of a smooth surface; very localised peaks of pressure appear and lead to higher values of local normal contact
stiffness. At the same time, the decrease of the real contact area leads to fewer active friction elements and
therefore to a decrease of the global stiffness of the joint. This last mechanism was shown to have a stronger
impact than the increase of local contact stiffness since the global stiffness of the joint was observed to
decrease with roughness. The same observations were made on the tangential contact stiffness. It was also
observed that the Mindlin analytical solution was providing a good average value of the tangential contact
stiffness, so it could potentially be used to save computational time if only the global dynamic behaviour of
the joint is of interest. By computing the frequency response functions of the first breathing mode of the
joint, it was shown that the newly proposed approach only led to small variations of resonance frequency and
energy dissipation. However, this does not mean that the baseline approach should not evolve since the small
differences can be explained by the fact that the computed global joint stiffness, which drives the frequency
response function that represents the global behaviour of the joint, happened to be close to the reference value
of 6e4[N/mma3], which could be different for another application. Furthermore, larger differences between
the baseline approach and the newly proposed approach were observed on the local contact conditions and in
particular completely different energy dissipation mechanisms were observed with the new approach. These
local phenomena resulting from surface roughness, which are critical if it is intended to optimise the joint
design or to predict wear, can only be captured with the proposed approach. It is worth reminding that
for even more accurate evaluation of the contact conditions with regards to roughness, plasticity should be
considered.

6.2. Computational cost of the proposed approach

In order to provide the reader with an estimate of the computational cost of the proposed approach, the
wall clock times corresponding to some of the presented simulations have been provided. Table 2, shows
the computational time that was necessary to obtain one curve of the nonlinear frequency responses given
in Fig. 16 and Fig. 21 under 1000[N] excitation. The simulations were run on a HPC node with a 20-core
CPU (Intel Xeon E5-2620, 2GHz). It can be seen that the simulations with rough contact required only
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half the time to run. Due to the roughness, the real contact area is significantly reduced, which means that
fewer nonlinear friction elements will be active during the simulation, and therefore the computational cost
is reduced. Similarly the computational cost is higher for smaller values of roughness.

| Smooth | Ry = 1.0[um] | Ry = 5.0[um] | Ry =10.0[um] | Ry = 15.0[um]
Wall clock time [s] [ 13682 | 6957 \ 6362 \ 6031 \ 5954

Table 2: Computational cost of nonlinear dynamic analysis in [s] for smooth and rough surfaces

The other contributor to the computational cost of the proposed approach is the contact analysis per-
formed using the BEM-based contact solver. Table 3 gives the computational time necessary to solve (i) the
normal contact problem, i.e. extract the normal load Ny and the normal contact stiffness k,,, and (ii) the
tangential contact problem which includes the computation of the frictional hysteresis loop and extracting
the tangential contact stiffness k;, for all contact elements. The contact solver simulations were run using
one CPU of a laptop Intel Core i7-4700HQ 2.40GHz. Similarly to what was observed for the nonlinear
dynamic analysis, it can be seen that higher values of RMS roughness lead to a shorter computational time.

| Rg=1.0[um] | Ry =5.0[um] | Ry =10.0[um] | Ry = 15.0[um]
Normal contact 642 305 171 150
Tangential contact 9969 4527 2105 1821

Table 3: Computational cost of contact analysis in [s] for different roughness values

Based on the presented figures and provided that some parallel computing is used for the contact analysis,
it can be claimed that the computational cost of the proposed approach could end up being lower or roughly
the same as the one of the current approach. In any case, it was shown that the gain of accuracy of the
proposed approach does not come at a prohibitive computational cost.

7. Conclusions

In this paper, a multiscale approach was introduced to evaluate the effects of surface roughness on the
nonlinear dynamic response of a bolted joint. The approach successfully coupled a multiharmonic balance
solver to a recently developed and updated contact solver based on the Boundary Element Method, where the
latter was used for a refined contact analysis and a more accurate evaluation of the local contact parameters
for the nonlinear dynamic analysis.

The presented results highlight the sensitivity of the nonlinear dynamic response to changes at the
contact interface; the surface roughness reduces drastically the real contact area, which leads to a complete
redistribution of the contact pressure and to a strongly non-uniform distribution of contact stiffness. It
could be shown that for low values of RMS roughness (below 5um), the effects of the roughness on the
global nonlinear dynamic response is small enough to be neglected in the analysis and even for larger values
the global effect is relatively small and smeared values can provide a reasonably good prediction.

However, if it is intended to obtain accurate local contact predictions in order to optimise the joint design
to maximize energy dissipation or to predict wear, then the effects of roughness must be considered in the
analysis. Expectedly, this gain of accuracy comes at an extra computational cost, but this cost was shown
to be acceptable. For higher values of RMS roughness, both the global and local behaviour of the joint are
significantly affected.
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