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DETERMINATION OF BOLT FORCES
FOR THE OPERATIONAL STATE
OF A BOLTED FLANGE CONNECTION

Rafat Grzejda

Summary

In the paper modelling and calculations of an asymmetrical bolted flange connection at the
operational stage are presented. The physical model of the joint is based on a flexible flange element
that is connected with a rigid support by means of hybrid elements, which substitute bolts. Between
the flange element and the support, the nonlinear Winkler model of a contact layer is taken into
consideration.

A computational model of the system is proposed, which makes it possible to analyze any preloaded
bolted flange connection subjected to an eccentric normal load. Results obtained from the
calculations are compared with experimental research described in [1].
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Wyznaczanie sit w srubach w kolnierzowym potaczeniu sSrubowym w stanie eksploatacyjnym

Streszczenie

W pracy przedstawiono modelowanie i obliczenia asymetrycznego kotnierzowego potaczenia
Srubowego w stanie eksploatacyjnym. Model fizyczny potgczenia jest zbudowany z odksztatcalnego
kotnierza mocowanego do nieodksztatcalnej ostoi za pomocg elementéw hybrydowych,
modelujgcych $ruby. Pomiedzy elementami tagczonymi wprowadzono nieliniowa warstwe sprezysta
typu winkle-rowskiego. Zaproponowano model potgczenia umozliwiajgcego analize dowolnego
kotnierzowego potaczenia Srubowego, wstepnie naprezonego i obcigzonego zewnetrznie
mimosrodowo sitg normalng. Uzyskane wyniki obliczen poréwnano z wynikami wykonanych badan
doswiadczalnych [1].

Stowa kluczowe: kotnierzowe potaczenie srubowe, stan eksploatacyjny, sita w Srubie

Nomenclature

A - j-th elementary contact area, fim

ci — stiffness coefficient of theth bolt’'s model, kKN/mm
Fni — preload of the-th bolt, kN

F. — external normal load, kN

Fs — force in the-th bolt, kN

h - thickness of the joined element, mm
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— number of the bolt (for=1, 2, ... k)

— number of the nonlinear spring (for 1, 2, ...)

— stiffness matrix

— loads vector

— displacements vector

force in the centre of theth elementary contact area, kN

— deformation of thg-th nonlinear spring element (fpe 1, 2, ... ,[), mm
— accuracy index, %

<sc oD X—
I

1. Introduction

Preloaded bolted flange connections are usualligded for carrying very
differential external loads. Among them, there asgmmetrical joints with an
arbitrary arrangement of bolts widely applied incmiae and machine tool
building. Such a connection very often should leated as a nonlinear system.
This nonlinearity is caused by both contact phen@rizetween joined elements
and stiffness characteristics of washers or gagkeds

Elaborations on modelling and calculations of tbédal flange connection
occurring in the literature mostly deal with symmeatl joints. The authors
assume that bolts can be modeled as:

« cylindrical 3D elements [4-6],

« rod elements [7],

« linear springs [8, 9].

In some other works, calculations of bolted flamga&nections are based
only on the forces balance for the joint withowtlirding bolts in the joint model
[10, 11].

The following methods are used for modelling of temnections in these
works:

 the finite element method (FEM) [12] implementen ¢ommercial
computer programs [4-9],

* the theory of elasticity [13] in theoretical pap8, 9],

« the Koves method [10] and the Taylor-Forge mefiddl

The main aim of this paper is to verify a new modkelan asymmetrical
bolted flange connection. In the previous papet Ebtne results of theoretical
investigations of an asymmetrical preloaded bottednection of a flange and
a rigid support, subjected to an external normead |avere released. In that model
of the joint, bolt holes were not taken into coesation and bolts were treated
as linear springs. In the current paper some newtsof investigations of an
analogical model of the joint are presented. Inrieev model, bolt holes are
taken into account and bolts are treated as hggitients consisted of a flexible
plain part of the bolt and a rigid bolt head [15$r modelling and calculations of
the bolted flange connection the finite elementhodt(FEM) [12] is used.



N

www.czasopisma.pan.pl P N www.journals.pan.pl
D \7

Determination of bolt forces ... 75

2. Physical model of the bolted flange connection

A general structure of the bolted flange connectimydel results from an
idea presented in article [14]. The model of thetjs based on a flexible flange
element that is fastened to a rigid support by mes#rk hybrid elements [15],

which substitute bolts (Fig. 1b). Spring propertidshei-th bolt's model (for
i=1, 2, ...k are determined from the relation [16]

(1)
" 1
2

wherec, denotes the stiffness coefficient of tih bolt's fragment.
A contact layer between the flange element andsthpport is modeled as

the nonlinear Winkler model, which is described mmeans ofl one-sided
nonlinear spring elements, defined by the followialgtionship

R; = A O(u)) (@)

where:R,; is the force in the centre of theh elementary contact ared, is the

j-th elementary contact area andis deformation of thg-th nonlinear spring
element (fofj =1, 2, ...D).
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Fig. 1. Bolted flange connection: a) diagram ofjtiat, b) description of system spring
properties, c) FEM-model of the joint
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The equation of system equilibrium (Fig. 1c) cambiten in the form
Kig=p 3)

where:K is the stiffness matrixg is the displacements vector apds the loads
vector.

In the operational state, the loads vegqias composed of external normal
loadsF, (Fig. 1c).

The generating procedure of the stiffness mélrils presented in works
[14, 15]. Adopting the division of the joint intbree subsystem® (- the set of
bolts, F — the flange element moddl, — the nonlinear Winkler model of the
contact layer), formula (3) can be rewritten afofes

Kes Kee Kee [0IGe |=P 4)
Kee Kee] G

where:Kgg, Krr, Kec are the stiffness matrices of subsysténg, C andKge,
Kes, Kre, Kcr are the matrices of elastic couplings among subsya, F, C.

On the grounds of so defined model of the boltethgé connection,
displacements of bolts and bolt forces after therapnal state has been
completed can be evaluated.

Calculations of the bolted flange connection areoawplished in an
iterative procesdn the first step of this process, in the equafinthe stiffness
matrix of the bolts subsysteiys received at the end of the assembly process
[17] is taken into account. As a result of solvthg equation (4) one obtains the
displacements vector of bolig

VRETele] (T TN O ) 5)

Final displacements of boltg; are measured from the working poiM#;',

which determine tension of bolts in the previouspsof calculations (Fig. 2a).
On the basis of so defined displacemeptsforces in bolt$=4 can be computed
from the relation

Fg =c, L (6)
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Fig. 2. Determining of the working load: a) in tbese of a linear
hybrid element, b) in the case of a nonlinear gprin

As a result of solving the equation (4) one obtdéinesdisplacements vector
of nonlinear springgc too, which can be evaluated using the formula

qC = COI(qu, qCZ""’qu ""’qCI ) (7)

In order to determine displacements of nonlineaingp qc; one achieves
a linearization by means of the incremental-iteeatmethod[15, 18]. It runs

according to the way shown in Fig. 2b starting frthma working pointsVVj',
which define tension of nonlinear springs in thevious step of calculations.
The linearization process is kept running/iiterations (for/ =1, 2, 3, ...)) in

which one looks for so load values for which thiofsing condition has been
qualified

AR, —AR;, s -
AR,
where
; for I'=1
AR, = { i ©)
Ry =Ry for I'= 234,..y
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AR = %1 for I'=1 (10
i
Ry —Ryry for I'= 234,..y

where:R'jr is the force in the nonlinear spring Noand in the step No/~
obtained from the IinearizatiorR,jF is the real force in the nonlinear spring No.
j and in the step Na~ande¢ is the admissible error of the linearization.

Final displacements of nonlinear sprirggg are equal t@;,, On the basis
of so defined displacementg;, the forcesRy can be determined from the

relation (2) fory, equal togg;.
The diagram of iterative calculations of the boltieaige connection for the

operational state is shown in Fig. 3.

Solving of the equation
X K BB K BE 0 q;
c ® Ky Keye Keol|qe|=p
S E
T . 0 K Ccr KC(* qc
Q.2
3%
==
o
Linearization proces$

Re/' = A/ ~f(q(;,.)

Determination of bolt forcels
F,= Ci"dp

< <k>*

Fig. 3. Block diagram of iterative calculations
of the bolted flange connection
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3. Calculations of the bolted flange connection
at the operational stage

According to the presented method, computatioreaisymmetrical bolted
flange connection were performed (Fig. 4). The tjoimssumed here, is an
element of the special test stand designed to mermsmt of bolt forces in such
a connection [1]. A simplified FEM-based model lo¢ joint is shown in Fig. 4a.
A fragment of the cross-section of the joint witleaels of bolts and the contact
layer is illustrated in Fig. 4b. A contact surfdmtween joined elements as well
as the bolt's arrangement and their numeration smewn in Fig. 4c.
Calculations were carried out for three valueshefjbined element’s thicknehs
(for hO {20 mm, 40 mm, 80 mp). Characteristics of nonlinear springs are
described as the following power function [15]

R = A (34281 ") (11)

Fig. 4. Considered bolted flange connection: ap$ifrad FEM-based model, b) fragment
of the cross-section, c¢) contact surface

To fastening of the joint, the bolts M2D,25 are used. The preload of bolts
Fri is equal to 20 kN and it is set down on the bddeotish Standard [19]. The
tightening sequence taken here on [15], is parsinhé in Fig. 4c. After the
preloading process, the bolted flange connectiosuisiected to an eccentric
normal loadF, equal to 50 kN acting consecutively at four poiftdl, IlI, 1V)
shown in Fig. 4c.

Results of calculations were put together in grajihstrated in Fig. 5 and
6 according as both the individual thickness of tlende elemenh and four
points of the load~. acting. In the respective figures, values of bottesFq
related to preloads,,; [17] are presented.
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Fig. 5. Bolt load values in the joint loaded extdrat the point: a) I, b) Il

In most of the cases, computed values of forcemdividual bolts are
smaller than their experimental values [1]. Analysif relative difference
between obtained bolts forces is done on the losiee W index

FEM _ = EXP
= —Fsmax Exfsmax 100% (12)

w

FEM

where: F_, . is the maximal force in bolts according to the FEMeel of the

joint and F5¥ is the maximal force in bolts according to expertal re-
search [1].
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Fig. 6. Bolt load values in the joint loaded extdrat the point: a) I, b) IV

W index values as a function of the thickness ofjtiteed element are set
up in Table 1. On the grounds of comparisons, nitloa noted that the accuracy
of results of calculations increases with reductibjoined element’s flexibility.
Depending on the joined element’s thickness, ther exf estimation may range
from 8.24 to 2.07%.

4. Conclusions

The presented model of the preloaded bolted flangeection subjected to
an external normal load can be successfully uséaiith analysis of any joint in
which a flexible flange element is connected wittigad support. The model can
be modified to carry out analysis of the boltedhdla connection loaded by an
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arbitrary external force. It is practicable by a@mj a contact model including
also the tangential stiffness to the proposed rholtied system.

(1]

(2]

(3]
(4]

(5]

(6]
[7]

(8]

Table 1.Windex values as a function
of the joined element’s thickness

Joined element’s thickness
h =20 mm ‘ h =40 mm ‘ h =80 mm

P Point No. |
= 231 | o040 [ 173
% Point No. Il
ST | 1.30 | 207
o Point No. Il
3 824 | 066 | 115
< Point No. IV

456 | 355 | 193
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