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XIX" SYMPOSIUM VISHNO

\lbrations, SHocks-and NOise

Vibrations, Shocks and Noise

Reduced joint models for damping design of muliied structures

Chaima HAMMAMI®" , Etienne BALMES® Mikhail GUSKOW

Arts et Metiers Paritech, PIMM, 151 boulevard dedpital 75013, Paris, France
®SDTools, 44 Rue Vergniaud 75013, Paris, France

Highlights

— Design of damping in multi-jointed structures isdied here.

— Dissipation sources are viscoelastic behavior amdact/friction at joints interfaces.
— Reduction on meta-models of nonlinear joints modeisvestigated.

— Experimental characterization of nonlinear forces.

1. Introduction

Dissipation plays a key role in efforts to limitovation levels. In this context, this study dealthwdeveloping
tools to predict dissipation in mechanical asseasiditarting from the design process. The main paldissipation
mechanisms typically used are the viscoelastic \dehaf materials and contact/friction at jointéntaces. Physical
representation of dissipation implies the use ofiet® with significant details around the joints.sigm phases
imply numerous computations where frequency/tempezadependence is considered for viscoelastic dagrft-
2] and amplitude/normal pressure dependence iddemesl for friction [3-4]. Model reduction is thascritical tool
to make such design studies affordable.

As proposed in [5] and illustrated in Figure 1, dalistinguishes a big linear substructure and noedi areas
with significant details around interfaces. Useeaxfuction method [6] is proposed to allow the gatien of a small
size model for the linear part to perfectly matble system dynamics for a reference linear systems first
reduction makes computation of models with detaiheth-linear parts accessible although costly. Gnéhus
interested in introducing meta-models of the betraiun the non-linear part for faster computatiomsl a&asier
comparison with experiments.

" Corresponding author. Tel.: +33-0144246215.
Chaima.hammami@ensam.eu.
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Figure 1: Linear structure with repeated non-lirjearts

Following the rationale of [5,7], the first step e determine a basis of the main joint deformagi@md
associated principal loads. Demonstrating the rarfigalidity of such meta-models will validate tloentification
of their properties through the use of experim§r8] or numerical simulations with the detailechAear model.
A critical aspect of the work done here is to addrine case of joints of a single geometry thategeated multiple
times, since this is typical of aeronautic congtarcand experiments on full structures are noeptable for meta-
model identification.

To detail possible variants to the proposed metdahbuilding procedure, the simpler case of a \e&stic
damping treatment as proposed in [1] is considdrethis case, accounting for the effects of vdaatiffness is the
target of a meta-model. Strategies for defininghgpal joint deformation and loads are first proguhs The
possibility to truncate either joint deformationsloads is introduced. The need to enrich the lageg the multi-
model reduction approach [11] is also presented.

The proposed approaches are then tested on asssmisiing bolted bracket joints, typical of aeroitaut
construction, connecting two boxes representinglage segments. A single meta-model is used fov#n®us
bolts and shown to allow proper representatiorowftjinfluence for variable joint properties, sinstidying these
variations is the main step of damping design stidilustration of both efficient and inaccuratses gives a better
understanding of the meta-model validity.

2. Reduction on meta-models of multi-jointed structures
2.1. Reduced system formulations

A mechanical assembly fitted withidentical bolted joints subjected to dynamic lo&isonsidered here. The
equation of motion defined in frequency domainhef $ystem can be written under the finite elememmhdlation as
follows

[s2M + K Tnxn{a($)hnxa + {F™(@(5), $)Iuxa = {F () (1)

with M the massk® the elastic stiffness matrix andthe model degree of freedoi®** is the external forces
vector. In the present work™ denotes the forces associated with a viscoeléstar present in the joint whose
properties can change with frequency and tempexaliuis written as function of the viscoelastidfsess matrixk”
depending on parametgras following

-2-
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{F™(@(5), 9)}vxa = K" ®)Inxn{a($)hnxa @)

It is clearly expected that in the future this weda be extended to the case of contact and fridtices where the
load will depend of position, velocities and possibternal states describing slip.

The model is first subdivided into two parts: a limgar partQa including bolted joints@a = Qaij;—,,) and a
linear partb including all the rest of the structure (Figure 1)

One is interested here to introduce a meta-model tabdescribe the nonlinear behavior of severiitgo The
objective of this meta-model is to allow predictiafi joint behavior in terms of dominant effects who
characterization can help improve design.

Starting with the idea of principal deformationseosuggests to build a vector subspHcef dimensionNM
characterizing the possible joint deformation. Tiaeds to a change of model DOF characterized by

9ainax1 [VInvaxwm 0 0 0 (qglNMxl\
: _ 0 . 0 0 : 3
@ =) Gur s [ = 0 0 [Vlvaxnm 0 quNMXl¥—[TR]NXn{qR}nX1, A3)
Do 0 0 0 [TpInoxm kq{fMXl}

where, gy is the generalized degrees of freedom vector wiiateduced fromN = L X Na + Nb to Nr =L X

NM + M. Mode reduction occurs WM « Na and/orM « Nb. The linear parflb can be reduced byR matrix
that can be defined by several reduction metho@saig-Bampton as proposed in [5], or the more ffit
Component Mode Tuning [6]. The later will be useatehbut this choice is not the focus of this wdrke reduced
order formulation of the model defined by equaifbhis thus given by:

[s2[TR1 [M1[TR] + [TRI*[K 1[Tr1]{qr} + [TR]*{F™} = [Tp]*{F**} (4)

One defines a meta-model to be the descriptiommis associated with a state description of thm §d; thus
allowing the constructions of equations of motidhe assumption that the meta-model does not depestates in
the linear part, implies that mass and stiffnesgrdautions of the linear pa,, (s) and coupling termg, ;(s) are
not part of the meta-model as detailed in [5]. Quoylinear park,;(s) is thus considered here.

In the present case of viscoelastic damping antga@t model is thus given by
{Fai} = [s° My + Kgi + Kg; 0)1{qai} = [Z4ai (s, p) 1{qai} (5)

with My;, K5, andK}; respectively the mass, elastic and viscoelastitioes depending of parameferassociated
to one nonlinear paflai. One will talk about a meta-model, if this moderéduced kinematically by considering a
subspac& of dimensionlVM « Na and/or if simpler expressions Bf; through scalar principal loads are derived.

2.2. Principal joint deformation®

As stated in [5], the ideal case would be to h&eeability to define independent non-linear forttest only depend
on a single state. In the viscoelastic case (23, would correspond to finding a basis V such it dynamic
stiffnessZ,; (s, p) is diagonal. This corresponds to the classical lddaomposition, performed here on the non-

linear area around a joint rather than on the wistecture. One note:ﬁKgff] = [K5] + [K}i(py)] the stiffness

-3-
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matrix associated to the initial state of refereicavhich one can diagonalize forcd&};(p,)] is the stiffness
matrix defined for an initial parametgy (section 3). In the case of nonlinear contactfaiction, a jacobian matrix
linearizing the system around a given state wiltbesidered.

The subspace V of principal joint deformationsakiton of the eigenvalue problem

[-Maideoy,? + [K2]| ) = ) ©
and the associated modes are well known to vesifydrthogonality conditions

WK TV = [~ op® -] (7)
VI [M] V] = [1] 8
From equation (8), one can write:

V1™t = [V]*[Mq] ©)
The degrees of freedom vector associated to thinean partQai is defined as following:

{aa} = [Vl{ga} (10)

Combining equation (9) and (10), one can obtairgdmeralized degrees of freedom vector from tHeX@IF using
{qai} = VI IMail{qai} (11)

While V can be computed for all degrees of freedomdri, the multi-model reduction approach would consider
solutions that are a linear combination of simpynputed shapes. In the present case, global systaies can be
computed for the nominal model. One can thus haifdulti-model collection of vectors by combining teix rigid
body motion of the jointd,, g4 With the trace of global modes[®], ) of the nominal system on each

jOintQai|i=1:L.
[T] = [Patjrigia Parjr = Paynm - Parjn - Parm] (12)

One then solve¥ in the subspace generated by this collection ators, thus obtaining a subspace that can
represent nominal system modes exactly. Slightaeaffierrors are found to occur so an approximaisomade but
this approach allows the generation of principdbdwuation shapes that are characteristic of speglbhbal modes.
Keeping rigid body modes is necessary to obtairetarmodel that allows rigid body motion, which seearbasic
requirement for a reusable model.

The choice of the reference stiffness is a first &spect of the proposed procedure and probabiyaia limitation
as will be shown later. The choice of a restrictetiof target vectors is the second step that wangly influence
results.
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2.3. Meta-model forces

The main goal is to characterize nonlinear foradgeiats interfaces through the bolted joint metadwling and
experimental identification. This section thus detthe expression of joint forces. Using orthodidpaconditions
defined in (7) and (8), the meta-model definedbinagan be transformed to generalized V coordinatding to

U=l sz -1+ on? ]+ VEIKL®) - Ki@oIV | {af) (13)
If one consider&™ (p) = V(KL (p) — KX (po))V, three joint load approximations are illustratedhis work

e FV (Full) : reduction of/ and resolution of model (13). The only approxiomis in the use of a reduced
V.

+ VD (full v andDiagonalization ): reduction df and resolution of model (13) assumikifyf to be diagonal

« PL (Principal Loads) : approximation af’ by a singular value decomposition (SVD) givingngipal
loads as follows

K;il(p) = Zg1=(1{Uk}Uk{Uk}t ) (14)
with, K% (p) = [U][Z][V]* where[U]and [V] are unitary matrices anll= [~ 0, ™] is a diagonal matrix of

singular values.

Model (4) can be written under matrix form as fallng:

[s2 a7, + [T 0] + K] {2 = (7o, (15)

whereK2 (p) = [TrI*[K(p) — K¥(po)][Tx] is the reduced nonlinear stiffness matrix of thele structure.

One note%-={Vj}t[Mai]{qai}the i" component of {g%} with i=1:L andj=1:NM, and

= {Vj}t[l(;l]{vj} pij, the assumption of coupling of principal forcegaatts is thus written as following:

5= Y IRz py + ) Y TR v .

k#j

The second term defines the contribution of oth@desk on modg. Until today, there is no work on the
construction of meta-model with a significant modalpling on elementary structures. A high levekotipling
between modes can be a limitation for the constroaif a meta-model faithfully representative of thehavior of
the junction. The idea is to determine the levet@ipling here to deal with. The model (15) carsthe written as
following:
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When writing previous equation as function of thasec matrix, one can write the system under thikoing
form:

(00|v12 - VltK;1V1)P11 +

(0,2 = VP K&V, ) paj + A2

R
(s [M[Ta) + [T TR { )+ = [Tl Fe*) (18)

(‘U|V12 - V1tK¢fLV1)pL1 + it

(wwjz - V]'thfLVj) prj + fLr;l
0
3. Sample application

In this section, the validity of the reduction apgach with meta-modeling the bolted joints is inigeged. The
aim of the construction of the meta-model methao isuild a simplified model that can simulateta# answers for
a set of configurations. Therefore, an exampleppiieation is studied here through a parametridytihat makes
responses variations.

3.1. Parametric study of reduced model

The parametric study carried out in this sectimeuges on the variation of nonlinear stiffn&3¥at interfaces.
The model (15) is here written as following:

[s2a MNIT,) + [Tl K0T ] + (K7 = o = o | { ] = 70 (), € Y 19)

Wherea andp are the study parameters defining nonlinear matwie(fficients. The nonlinear matrix is linearized
and defined asfK™ (a, B)] = [Tr]*(a[Kn] + B[Kt])[Tz] where,Kn and Kt are respectively the normal and the
tangent stiffness matrix. One defines in this stadyate of reference defined as follows

[K77] = [K°] + aoKn] + BolKt],  ag=pp=1 (20)
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3.2.  Model with two bolted bracket joints

Mechanical assemblies representing several boligdsj are investigated in this work. In this comfean
chooses as an example of application, a structittetwo identical bolted bracket joints (FigureRight) to begin
with and representing a simple configuration tatre

The investigated structure is originally composétka joints as it represents a testbed model®Htl project
MAIAS (Maitrise des Amortissements Induits dansA&semblages) shown in Figure 2. This structures bsdted
bracket junctions, typical of aeronautic construeticonnecting two boxes composed of frames, lageand skin
that are welded to limit dissipation outside thadtion. The model, shown in Figure 3, and treatedugh this
section represents an equivalent one to the testioeiél. One then replaces eight joints by lineaings clamped in
its bases to the ground and modeling the big boa mass mG concentrated at gravity center cooelndthe two
studied joints are clamped on the two free extriesiof its inferior plates. To preserve contacharader the bolts

head/nut, one defines a perfect contact betwedespid this area (called ‘screw-rad at Figure 3)lastrated in [1].
All components are linked with rigid links.

Figure 2 : Testbed

Rigid links

Extra \\A
\ \

Mass mG

Screw-rad

/A

Rigid links 2 /

Springs Kg
Clamping \

Figure 3 : Left: Model, Right: Bolted bracket joints
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The two first modes are bending ones along two qradjzular directions defining respectively the bide and
the small side of the model. The thirst mode isttiisional one. And the fourth one is the secomitig mode in
the big side direction. These are the global meodpsesenting the main strains of the model stuntiewxt section.

3.3. Enrichment of the subspate

Based on the multi-model reduction method [11], preposes here to enrich the subspaceith linear local
models defining the variation of the normal andgemt stiffness matrix. This enrichment describesigitions
between different configurations of joints intedadehavior. One consideps = [d)(a,,li)am;NM], the subspacg
is now defined as follows:

[T] = [Parpriga ©1(0,0) ®1(0,1) ®1(L,1) ®2(0,0) D2(0,1) Pd2(1,1)] (21)

3.4. Reduction validity: joint mode basis

In order to verify the validity of the meta-modejiapproach, one is interested in this section mparing full
model response and the reduced model one invesdigatthis paper. However, in this work, the fuidsponse is
replaced by the response of the model reduced thithmulti-model method (MM) that has shown its @éincy
compared to the full model.

Figure 4 shows the evolution of the percentagdefftequency shift when varying normal and tangtiffness
at interfaces associated to the multi-model redactind the reduction with meta-model approach sntito
versions. The first version (FV) is when considgraoupling of principal forces at joints. The sedaersion (VD)
is when decoupling modes with nonlinear matricesgdnalization. The first observation is that theucture
presents a low degree of ability to dissipate ffier two first mode of bending (bend 1 and bend Bjs Tonclusion
is based on the low variation of frequency with tgh variation of tangent stiffness. This is expéa by the fact
that these bending modes promote brackets opeifimg.second observation concerns the validity of ritega-
model. The responses of the multi-model reductiethod and the FV model are very close. With the nd@del,
responses predict a much smaller frequency shdtthe model is thus clearly wrong. The next idedhiss to
consider dominant forces going into joints and agpnate reduced normal and tangent stiffness matsed on
important solicitations (PL).

The strategy of choosing the dominant solicitatioeeds investigation. When defining the first twendbing
modes to build the subspace V, one finds that gowerning components of the reduced normal stiffmeatrix are
selected: two for each mode. The first bending mpdenotes bracket opening which generates tensimh a
torsional solicitations hence the two componente $econd bending mode concerns also bracketsngpbut in
other direction. However joints boundaries don’rkvsimilarly. Two components are thus necessadgetxribe the
load. In Figure 5, one compares this approach thighmulti-model reduction and results are very &loklowever,
when taking only the first two dominant loads (Fig6), the results become different.
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Figure 4 : Comparison between multi-model reductind reduction with FV meta-model
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Figure 5 : Comparison between multi-model reductind reduction with meta-model with 4 principal lead
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Figure 6 : Comparison between multi-model reductind reduction with PL meta-model with 2 principzdds

4, Conclusion
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This work introduced a strategy for building a metadel that can reproduce the dynamic behaviorotied
joints through principal loads. Application of thieseta-model on multi-bolted joint models was inigsed.
Viscoelastic damping treatment was considered tiroeffects of variable stiffness at joints intedacand the
ability to predict frequencies for varying normahdatangent stiffness was used for model validatibhree
strategies for defining principal joints deformatoand loads were illustrated. The base approaghirdipal joint
deformations requires a large subspace and doedlootfor a diagonal approximation of the effe€normal and
tangent stiffness. Using an SVD to generate dontif@ads to characterizing the joint gave promisiegults
although truncation issues are still open. Futuoekwvill also focus on extensions to more realistizictures with
cylindrical geometries and larger numbers of jaints
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