Proceedings in
¢ MANUFACTURING
\] SYSTEMS Proceedings in Manufacturing Systems, Vol. 5 (20N@) 3 ISSN 2067-9238

FINITE ELEMENT ANALYSISOF BOLTED JOINT

luliana PISCAN?, Nicolae PREDINCEA?Z, Nicolae POP?

Abstract: This paper presents a theoretical model and a sitian analysis of bolted joint deformations.
The bolt pretension force, friction coefficient acontact stiffness factor are considered as paramset
which are influencing the joint deformation. Thdted joint is modeled using CATIA software and im-
ported in ANSYS WORKBENCH. The finite element aisalprocedure required in ANSYS
WORKBENCH simulation is presented as a predefimedgss to obtain accurate results.
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1. INTRODUCTION Farm  I—slide

Coluran
Machine tools are characterized by high precision, /
even at heavy-duty regimes (high magnitudes ofingutt |
forces). This requires very high structural stiffae j /
Static stiffness kis defined as the ratio of the static
force P, applied between tool and workpiece, to the re- Spindle E'_I
sulting static deflectiolAs between the points of force
application.

Milling cutter

P Fived joints
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The stiffness of a structure is determined mainty b i ﬁIh| ‘ﬁ| ‘ﬁ
the stiffness of the most flexible component in gagh | : b
of the force. To enhance the stiffness, the flexidm- S
ponent must be reinforcedn analytical and experimen- ¥ slide v
tal (on the machine tool) evaluation of componeet d ) . _
formations and compliance in the cutting edge, khba Fig. 1. Components of a milling machine.
undertaken in order to evaluate the influence ofous
structural elements of the overall stiffness. » ) ,
Local deformations in joints, for example boltezhe Both the position and external load size have an in
nections between rigid elements such as columrbadd  fluence on bolted joint deformation, and also theagest
column and table, and movable joints such as guigiew influence has the size of the contact area betweem

are usually found to be the most flexible composeit ~ POnents [8]. _ _ _
the breakdown (Fig. 1). Contact deformations between contacting surfaces in

The rigidity of a structure having a bolted joisipw ~ fixed and movable joints has played a significasie
as compared with that of an equivalent solid stnct frequently up to 50 percent) in the breakdown dbde

Because the bolted joint is a widely used assembl)mat'ons between various components of the macbwle t
method, a very precise analysis of the joint's pate- struptures. So_ far, it ha_s been known that cordefdr-
formation is required in order to provide for awdigh ~ Mations are highly nonlinear and are due to surface
accuracy analysis of the global mechanical system. perfections on contacting surfaces [1].

The design theory for bolted joint is based ondine A method that has been widely used in analyzing
stiffness analysis and a nonlinear one due toxitsreal bolted joint structures and other mechanical stmest is

load after pretension [8]. :Tnedfig:ggbtleéerrgseglttsngglthod (FEM) due to its convaoee
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The deformable bodies systems solution lies in _ 7Edtan(a)
defining the contact areas of the main elements, th K, = (2ttar‘(a)+d -d )(d +d ) ’ @
interaction forces and the tension field of elerment [ b_—“ho”b —h }

Norbert Diekhang4] calculated the bolted joint mo- (2ttan(a)+d, +d,)(d, - d,)

del implemented by Plock, showed in Fig. 2. In tiis- _ _ o
del the contact area, the bolt and the flanges aravhered, is the bolt diameteu; is diameter of bolt head

represented by a pretensioned individual springsis in contact with the clamped flangejs thickness of the
The diagram from Fig. 3 shows the bolt elongationflange.
under the action of the pretension foFgethe flange and The value of the cone angleassumed in the above

in the contact area compression. The contact aregelation has been the subject of investigation. és@m-
presents a nonlinear load-deformation behavior.s Thi ple, Osgood [5], Wileman et al. [6] have studiee kbad
non-linearity is reflected on the overall stiffneéssthe  diffusion path at the pre-load stage, using thédiele-
case of the working load, and becomes significaht at ment approach and have demonstrated that the ¢one a
high work loads, where the bolt pretension is alnsop- gle depends on the particular joint configuration.
pressed. Otherwise, if the material thickness is small, the
The clasical theory is based on the idea that tie b compressed area can be assumed constant, in wageh c
and the sandwiched members of a given jointthe compressive zone in the member forms a cylinder
configuration can each be modeled as linear springs Therefore, the flanges stiffness is calculated it
characterized by the stiffneds and k; respectively, formula:
acting in parallel.

The spring stiffness of an elastic element sudbods K = AE, 5
nut, flange is the ratio between the acting fornd the L ®)
deformation caused by that force. '

K= F o where A, is the area of flange:, — Young's modulus of
N the flange, and_, — length of the flanges.

The total stiffness of the joirk;, can be computed as-

The bolt stiffnessk,, can be estimated in terms of the . . ; !
suming two springs in parallel as:

cross sectional area of the bdt, Young’'s modulus for

the bolt,E,, and the length of the bolt,, as K =k, +k . ©)

k = AE, , ©) . .
L For the contact stiffness computation the contesd a

between bodies and the force which acts on thacerf
Member stiffness can usually be obtained accyratel €0 be calculated. Contact surface can be appreedma

only through FEM or experiments. If the materiasfiae ~ Within @ cone bearing surface pressure, which iséal

adequate thickness, then a pressure cone of cosepres Of thin flanges [7], represented by the dashedsliire

material in the shape of a frustum of a cone wél b Fig: 2.

present and the average area should be considered. The joint deformation is determined by applying an
external load to the bolted joint. This deformat@am be

related with the bolt or flange stiffness by usthg for-

b

mula:
Bol
Flanges 5 — ﬂ — 3 (7)
kb kf ,

wherePy, is the portion of the external load carried by the
bolt, P; is the portion of the external load taken by the
flanges.

Since the external tensile load is:

Fig. 2. The model elaborated by Plock [4].

P=R+P, (8)
Fv
. The resultant bolt load is:
ket ke
Flanse F, =R +F, ©)
Contact area
ke p and the resultant load on the flanges is:

|

Bolt elongation Tube deformation|

F, =P -F, (20)

Fig. 3. Bolted joint stiffness diagram [4]. whereF, is the preload.



P. luliana et al. / Proceedings in Manufacturingsg&ms, Vol. 5 (2010), No. 3/ 1872 169

a b c

Fig. 4. The FEA analysis steps of a bolted joint: CAD mo#ilmeshed model; c) deformed model.

3. THEFEA ANALYSISOF THE BOLTED JOINT

3.1. TheFEA analysisprocedure
The detailed finite element analysis for a bolteitt]

presented in Fig. 4 is exemplified in the followipbas-

es:

* The first phase is modeling the joint using CAD
software. The model geometry was generated using
CATIA software and then imported as a neutral file
in ANSYS WORKBENCH. Due to symmetry condi-
tions the model is sectioned. Geometric detailshsu
as chamfers, radii of connection have only a lacal
fluence on behavior of the structure therefore ¢hos
are neglected. In this analysis we neglect the bolt
thread and surface roughness. )

« Next, the prepared geometric structure is reprodiuce Fig. 5. Contact between surfaces.
by finite elements. The finite elements are conect
by nodes that make up the complete finite element Contacts elements use a target surface and a tontac
mesh. Each element type contains information on itssurface to form a contact pair. According to sefa
degree-of-freedom set (e.g. translational, rotafion behavior the parts can be rigid or flexible. Ourdelois
thermal), its material properties and its spatiéio defined as flexible one.
tation (1D-, 2D-, 3D-element types). The mesh was  The connection types between parts are defined in
controlled in order to obtain a fine and good gyali g, 5.
mapped mesh. The assembly had 19 117 nodes and

5 420 elements. _ 3.2. Stiffnessanalysisof the bolt part

* Inorder to solve the resulting system equathmyn- The bolt stiffnessk, is often determined by simple
dary and loaded conditions are specified to make th cajculations, approximating the deformation of thit
equation solvable. In our model, the lower sidéhef  head and of the nut. Assuming uniform tensile stees
bottom flange was fixed and five different bolt@xi  and uniform straim = 6/E for a total contact pressure
load were applied. _ force P with a uniform bolt cross-sectional arég, the
The pretension in the bolt was generated at the midgythors obtained for the total elastic enetiy(sum of

plane of the bolt using the pretension elementiye g|astic strain enerdy, and the elastic stress energy
PRETS179, which is contained in the ANSYS vl1l U, in the bolt) [2].

element library. These elements allow direct specif

cation of the pretension in bolt. For specifying th — oV PZA,[ P2L

bolt pretension a local coordinate system was ddfin U,=U,+U, =0geV = =—== , (11)

with the Z axes along the bolt length. E AR EA

After the bolt pretension, an external load was ap- .

plied to the bolted joint. whereV is the estimated volume obtained with the es-
* The last phase is interpreting the results. timated lengthL that also account for the stiffness of

For contact analysis ANSYS supports three contacholt head and nut. In terms of a reference disphece
models: node to node, node to surface and suréesert v, corresponding to the total for& the bolt stiffness is

face. In this case a surface to surface model wested
and contacts elements were used.

ANSYS provides several element types to include k =—=—=—=— (12)
surface-to-surface contact and frictional slidi@ne of v, Pu, U, L
these elements is the 3D 8-node surface-to-sudane
tact element CONTAC174. using (11) to obtain the final expression.
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3.3. Stiffnessanalysis of flange members
The stiffness of the flanges members is defined-sim
lar to (11)

: (13)

but without the simple approximation of the totkdstic
energy [2].
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where € is a positive displacement and the one vector
{1} has the value 1 in all components.
Contact condition after pretension is then

e{l} = {Dbp} _{Dfp} = ([Sup]il + [Sfp]ilXFCP} ! (19)
or solved in terms of the contact forces
{Fcp} = ([Snp]_l + [Sfp ]_1 )ﬂe{]} . (20)

The contact problem of two flanges must be solved

iteratively, but this is a relatively simple cont@coblem.
The contact diameted, must be determined such that

only compressive contact forces act between thgés.
In [2] is given an initial estimate of the contaiameter
d,:

c

d. Od, +Ltan(a). (14)
In traditional finite element analysis, detailedoin
mation on displacements, strains, stresses, ertkgyi-
ties and general stiffness are obtainable if thetaui
pressure distributionp = p(r) is available. Yet, it may

be rather complicated iteratively to determine,thist is
possible with most FE programs.

3.4. Contact pressuredistribution with pretension
only
The distribution of the contact pressure [8] carobe
tained in a direct procedure, due to the influeonehe
global stiffness quantities, especially for compuse
The bolt analysis is carried out as a super elera&nt
procedure

[s.fout={Ft - ot =[s.] R}

where B, is the bolt super element stiffness matrix of
order equal to the number of nodes at the bolt-neemb
contact surface, with degrees of freedom in thaleaz
direction. The resulting corresponding displacememe

(15)

{Dpet and the corresponding nodal contact pressure

forces are F;}. The sum of these forces is the total con-
tact pressure force

P=

HEH-

The flange analysis may also be carried out aparsu
finite element procedure

[s.Mo,}={F.} - o, }=-Is, [}

(16)

(17)

The contact conditions imply non-negative contact
forces{F, } = {0}, and this can in fact be proved to be the

case. The matrifK | = ([Snp]‘1 + [Sm ]‘1)’1is a stiffness ma-

trix, which is positive definite and strictly diagal do-
minant. From this follows for each row (or column)

[K] that 3" K, for alli, and therefordF } >{0}. Thus

the contact problem for the pure pretension state &
solution with only positive contact pressure forces

3.5. FEA contact formulation

There are several types of mathematical formulation
of the contact problem [9], which exists in the mat
and tangential direction of the surface contact.

Penalty function. Penalty function is a displacement-
based solution:

KK =(}.

Penalty function manages contact by adding springs
to model at each element Gauss points.
It deals with contact stiffness and penetration:

K contan:AXpenetraticm -

Since surface-to-surface contact transmits contact
pressure between Gauss points, and not forces &etwe
nodes, contact stiffness is iRdrce/Lengtf] units. Pene-
tration is a mathematical formulation, since it @ewc-

(21)

(22)

contact *

curs in reality between two contacting bodies. Bane
tion exists to assure that the contact force isOndtven
if very small (e.g. 0.1 um), penetration influendbs
solution. Thereby, to obtain a converged contagtsst
penetration must be as small as possible. It canbbe
tained by increasing contact stiffness as muchaassip
ble. But too high contact stiffness will produce- il
conditioned system matrix, with very high ratiorigidi-
ty terms of the system matrix. For direct solverddes
not cause problem.

Contact stiffness (normal or tangential) can beuinp

where [5;] is the flange super element stiffness matrix as an absolute value (KN or KT) or a factor (FKN or

also of order equal to the number of nodes at tiie b
member contact surface, with degrees of freedotthen
axial z-direction. The resulting corresponding tisp-
ments are Py} and the corresponding nodal contact
pressure forces areg{Fc}, measured in the z-direction.
The pretension displacement is described by thauahut
displacements Bg}, given as a translational constant
vector when no initial gap exists

{D.} =i},

(18)

FKT) to the default Hertz contact stiffness (KH)HK
depends of material rigidity and mesh size.

Lagrange multipliers. With Lagrange multipliers,
contact forces are treated as a separate DOF:

lp )

Software solves directly for contact forces (orspre
sure). Therefore, Lagrange multipliers add equatitmn

(23)
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model and increase computational cost. It alsmihtces
zero diagonal terms in the system matrix, resultmg
limited solver selection (direct solvers only). &t solv-
ers are more efficient with small models, but somes
need important computer resources to run large eode

Lagrange multipliers have the advantage of not-deal
ing with contact stiffness. Penetration still egjsbut it
essentially depends on mesh size since a finer e@sh
responds to more contact detection points.

Augmented Lagrangian. Among contact formula-
tions available, Augmented Lagrangian is a Perfatig-
tion with penetration tolerance (FTOLN) and alloveab
elastic slip (SLTO - or tangential penetration)eTid-
ing result is the sum of physical sliding and mathécal
sliding (allowable elastic slip). When convergetige t
mathematical sliding is negligible compare to pbgki
sliding. Augmented Lagrangian contact works asofedl
ing: after each iteration, when penetration oristidex-
ceeds a limit, contact stiffness is automaticaligréased
with Lagrange multipliers.

3.6. FEA results

The reduced model bolted joint simulations were car
ried out in order to study its behavior under theoa of
external loads taking into account as parametersti-
mal stiffness, the pretension force and frictioreftio
cient. The influence of these parameters on therdef-
tion of the bolted joint is shown in Figs. 6, 7da® To
study the influence of pretension force to the dmbjpint
we pretension the bolt ranging from a minimum foo€e
1000 N and a maximum force of 5000 N.

Since we considered a contact with friction between
the flanges, was taken into account the frictioeffio
cient as design variable contributing to the insecaf
deformations in bolted joint.

Due to the importance of contact stiffness paramete
we varied the contact stiffness value to find dat ax-
imum value of stiffness in which bolted joint defma-
tion remains constant as shown in Fig. 8.

Although the charge of the structure is linear ithe
sponse of the structure is non linear. These esudtre
verified by numerical calculations and comparedhwit
theoretical results.

The influence of pressure on bolted joint deforma-
tions, presented in Fig. 9 shows a linear behawior
bolted joint but it hasn’t a negligible influence defor-
mations.
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Fig. 7. Dependence friction coefficient-deformation.
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Fig. 6. Dependence pretension force-deformation.

represented in Fig. 10. The contacts between bdltat
and between bolt head and flange have the same-defo
mations and, also have the most significant deftons.

The contact status is shown in Fig. 11. Feans the
elements from contact and target do not touch etwdr.
Nearmeans the elements are almost touching each other.
Sliding means the contact elements slide on the surface
of target surface. Stickingneans the contact elements
can not move and penetration happens.

Penetration represented in Fig. 12, exists in the c
tact between the bolt head and flange and in tiaco
between bolt and nut. The value of penetratiomislk
enough.
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Fig. 10. Dependence pretensioning force and contact deforma

tions between components.

By knowing the influence of the parameters on the
contact deformation we can optimize the stiffnethe
structural components of machine tools.

In this paper we considered as parameters:

« Bolt pretension force supports a maximum value of
5000 N due to the maximum stress that the bolt can
be subjected to;

* We started from the default stiffness factor asegen
ated by the ANSYS Workbench software and in-
creased to the point that the value of the defdomat
remains constant. We found that the contact sgfne
has a non-linear variation;

e We considered a friction coefficient between the
flanges of 0.02 minimum and a maximum of 0.14,
which is a non-linear variation because increasiireg
friction coefficient will cause a decrease of thetéd
joint deformation.
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4. CONCLUSIONS

Defining joints is one of the most difficult aspgct
when simulating the behavior of machine-tools, bsea [5]
there are many variables that can affect the j®iptbp-
erties. By using finite element analysis software ean  [6]
optimize the design process of machine tool comptsne
by identifying the parameters that has a influeoeeahe
static behavior of machine tools. By analyzing rsults 71
obtained in the post-processing phase, the useeean
luate the properties of machine tools still in thesign 8]
stage, without the need to make prototypes.

Based on these preliminary results of bolted joint
contact deformation analysis further research alicar-
ried on the model optimization. [

POSDRU/88/1.5/S/60203.
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