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Fig. 5. Visualization of the final data integration for the Palace and park in Wilanéw

Twenty control points were randomly chosen, their distribution is presented in
Figure 6. These points were the corners of building basements, well visible in
the data. The high values of errors of the model matching (above 1 m) result
from modelling the buildings basing on vectorized roofs only.

Basing on the majority of points (16) the statistical indicators were
estimated:

— Avarage deviation: 0.62 m

- RMSE: 0.28 m

— Deviation distribution: 25% of points between 0 and 0.4 m; 44% of points
between 0.4 and 0.8 m; 31% bigger than 0.8 m.

The accuracy results show, that the average linear deviation does not
exceed 0.95 m. This means that the accuracy condition for 3D modelling of
buildings on the level LoD1 — LoD2 has been met.
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Fig. 6. Distribution of 20 control points within the analyzed area. Points with deviations from the
reference data which exceeded 1 meter are marked in blue

Conclusions

Summarizing the experiments concerning the photogrammetric data inte-
gration for visualization of cultural heritage objects, it should be emphasized
that the process is labour-consuming with restricted degree of automation.
Many intermediate processes require adequate data preparation and suitable
software. The final general conclusions can be included in the following
groups:

(1) In spite of intensive development of 3D modelling and GIS software,
the problem of 3D visualization of architectural objects and their surroundings
has not been properly solved yet.

(2) The typical problem related to the spatial modelling and processing of
data from various sources concerns the difficulty of using various data formats
and their exchange between different programmes.

(3) The 3D Google SketchUp (free of charge) software for modelling does
not preserve data georeference information. Therefore, this requires reiter-
ation of spatial orientation of the objects, resulting in additional difficulties
and errors in data reference.
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(4) The use of GIS software allows to manage and process data acquired
from various sources. This is useful not only for the experts of conservation of
monuments, analyzing particular scenes, but also for spatial analyses per-
formed with the use of metric characteristics of the source data.
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Abstract

Resonant transverse bending vibrations of the band saw blade have been investigated taking into
consideration variable in the time tension force of the blade and the external periodic perturbation.
Amplitude of resonant vibrations of the band saw blade piece has been determined by the
Bubnov-Galerkin method and basing on the idea of perturbation theory.

Introduction

Significant dynamic loads arise in the elastic system of horizontal cutting
mechanism of the band saw machine when it is turned on. This is caused by the
variable electromagnetic engine torque and springy elements of this mechan-
ism (REBEZNYUK 2009, DZYUBA et al. 2012). The vibrations and dynamic loads
that occur during transition process and steady-state mode of the band saw
machine adversely affect durability of a band saw and quality of received
timber. In particular, the transverse vibrations of band saw blade, i.e. vibra-
tion in blade plane of the least stiffness, what causes cyclic tension, which
reduces durability of a band saw. These vibrations are especially dangerous
when their amplitude increases significantly and resonance occurs.

The known researches of oscillating occurrences in cutting mechanisms in
general and of band saw machines vibration sin particular did not take into
account movement of the saw blade and variability of tension force (MOTE
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1965, 1966, SUGIHARA 1977, ISUPOVA 1981). Therefore it is advisable to study
transverse vibrations of band saw blade, taking into account the speed of its
longitudinal movement (cutting speed) and the variation of tension force.

Theoretical studies

A band saw is a component of a cutting mechanism elastic system, which is
set and pulled on the saw pulleys. A working branch of a band saw is directed
by leading rollers. A small eccentricity of saw pulleys and leading rollers and
variable angular speed of attraction saw pulley during the transitional mode
(turning on the machine) leads to change of the initial tension of band saw
blade. In general, we shall assume that tension force is variable in time.

Vibrations of the working branch section between the leading rollers and of
the non-working branch section between saw pulleys may occur due to
external perturbation. In both cases, the design scheme of the saw blade
sections is considered to be a bar on two hinged beams (Fig. 1). We assume that
contact of a band saw blade with saw pulleys and leading rollers is constantly
unseparated. Therefore, we suggest that there are no transverse displacement
in the points of contact of a saw blade with saw pulleys and leading rollers.
Considering the longitudinal movement of a saw we calculate speed v and
study transverse displacement u(x,t) of a saw blade section.

N @) - N©®

u (x, t)

Fig. 1. The design scheme of a band saw blade

Forced transverse vibrations of a band saw blade as a moving bar with
constant cross-section, can be described in Euler’s variables by the differential
equation with partial derivatives (CHEN et. al. 2004, MOTE 1965, MOTE,
NAGULESWARAN 1966, SZE et. al. 2005, SUGIHARA 1977):

*u *u , 0%u  N@) o*u itu
PVt VT T o TP = A M

where:
u(x,t) — transverse displacement of band saw blade with the coordinate x of an
arbitrary point in time,
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£ — asmall parameter, which in the right side of the equation means small
value of perturbation force f(x,) versus regenerative force,
EI
2 =
p==
m - mass per unit length of a saw blade,
E — modulus of elasticity of the material (steel),
B - s? . . .

I= — moment of inertia of a rectangular cross-section of a saw blade

12 with respect to the neutral axis,

B, s — width and height of the cross-section of a saw blade,
N(t) - variable tension force.

According to the design scheme (Fig. 1) boundary conditions needed to
solve the differential equation (1) are as follows

P
ox?

u

2
x=0 ax

=0 (2)

x=1

ulo = ulr = 0;

where [ — length of the respective section of a band saw blade.

The effect of external perturbation force that may arise from eccentricity of
a saw pulley or leading rollers is set as follows:

fle,t) = H sin(Q?) 3)

where:
H, Q - amplitude and frequency of the external perturbation.

Tension force variable is set inharmonic law (HASCHUK, NAZAR 2008, SOKIL,
LISCHINSKA 2008)

N(@) = Ny + eN; cos ut (4)
where:
Ny — a constant component of tension force,
u - frequency of tension force variation,
N; — the amplitude of a variable component of tension force.

We assume that the static component conveys initial tension in the band
saw blade (ISUPOVA 1981). When there is no cutting process the dynamic
component, defined by oscillating occurrences and dynamic loads in the elastic
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cutting mechanism system, is negligible compared with static. This reflects the
small parameter 4 in relationship (4).
Given (3), (4), the differential equation (1) becomes:

Fu g, Fu_ (M)
ot2 oxot \m ox?

ﬁza4— Hs1n§.).1,‘+zlcos,uta (5)

Therefore, the challenge is to find the solution of equation (5) under
boundary conditions (2). Depending on the ratio between frequency of free
vibrations of a band saw blade w, frequency of the external perturbation Q and
frequency of tension change u different cases of transverse vibrations can be
considered: nonresonant, approximate to resonant and resonant. As noted
above, it is the most important to study the vibration of a band saw blade
under the influence of periodic perturbation and variable tension force in the
resonant case. In this case, a significant increase of the amplitude fluctuations
results from periodic forces, frequencies of which are in rational relationship to

the main frequency of the frequency spectrum Q zs ® where p and g are

relatively prime integers. In case p = ¢ = 1, (i.e. Q = @) then resonance is called
main or ordinary. In case ¢ = 1 (i.e. Q = pw) the overtone resonance at the
eigenfrequency (parametric resonance) occurs. Regarding the parametric res-
onance it should be noted that if we consider the dynamic component of
tension force as the perturbation force and take into account the average effect
of external force for a long period of time, then in the first approximation there
is only one kind of resonance 2w = u (VASILENKO 1992).

We will study main and parametric resonance in a complex. This allows for
a small harmonic perturbation to confine only to the first approximation. The
analytical solution of this task considering the speed of the longitudinal
movement poses considerable mathematical difficulties. We therefore suggest
a way of solving that is based on the use of the basic ideas of the Bubnov-
Galerkin methods (VASILENKO 1992) and perturbation theory (NAIFE 1976).
Accordingly, the solution of (5) satisfying the boundary conditions (2) can be
represented as:

w(xt) = X Tit) )
k=1

where:
X, (x) — functions that satisfy the boundary conditions (2), i.e. X;,(0) = X;(I) = 0
and X,'(0) = X;,”(1) = 0.
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It is easy to check that the function system {X,(x)} = {sin kx x} is

acceptable.
Single solution of equation (5) under homogeneous boundary conditions (2)
can be represented in the form

u(x,d) = sin (k )T(t) k= 7

l

where the function T'(¢) is determined depending on the initial conditions.
Hereinafter index % that indicates the shape oscillations is omitted.

Substituting (7) into (5), we obtain:

- 2vlk—7r T (¢) cos

krx

l

krx

[

krx

T(t) sin T

+

Ao

(8)

En\* (kirx) ( N1 (kit) (kmc))
+ B (l_) sin 7 H sin Qt - —\7 T(¢) cos ut - sin 7

Multiplying both sides of the differential equation (8) by sin ]% x and

integrating the expressions in the range of 0 to /, we obtain the differential
equation to find the unknown T%(#):

T@®) + #T@) = e (?H,T(¢) cos ut + Hs sin Qt) (9)
By definition, put, ©? = (kl—”) [(k”) B2+ =2 VZ], H, = ZfﬂlTwskm
H3 b _Nl

2 kx)’ 2‘
So-mvi+m l_ Jij

Equation (9) belongs to the class of non-homogeneous linear differential
equations with quasiperiodic coefficients. Their research is much complicated
compared to the homogeneous linear differential equations with periodic
coefficients, but the presence of the small parameter ¢ greatly simplifies the
task. The above mentioned fact allows using asymptotic methods of Krylov-
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-Bogolyubov to build solution of equation (9) and basing on it to study
amplitude of resonant vibrations.

It is known (NAIFE 1976) that at resonance the phase difference between
free vibrations and the external perturbation significantly influences ampli-
tude and frequency of resonant vibrations. Therefore, to build a differential
equation describing the change of amplitude and phase fluctuations, it is
convenient to introduce the phase difference in the form:

y=wv-96

where 6 = 'L;—t, v denotes free vibrations phase.

Using a general idea of the method of Krylov-Bogolyubov-Mitropolsky
(BOoGOLIUBOV, MITROPOLSKY 1961), one-frequency solution of (9) in the first
approximation we get:

T@#) = ovcos (0+ p + T (o, y6) (10)
where the amplitude « and the phase difference between the free vibrations

and the external perturbation y are values variable in time. They are deter-
mined basing on the differential equations:

do

d_t = eAe, p);
dy 7 b
T »-o + eE(a, ¥

where A(e, ), E(e, ) are unknown functions that need to be found so that the
relation (10), when o = «a(¢), y = y(¢) which is solution of system (11) satisfies
equation (9). It should be noted that the function A(e, ), Z(e, » must be
periodic with variable y to the period 2z. To find these functions let’s
differentiate (10) in time:

dT _ do

dY} N {d_a& d73T1+%}.
A dt

cos(¢9+)a—o:s1n(9+w{—+E T 32 EW =

d?’T _ d*«a do u dy}
dtz—dt2co(9+)a 2 s1n(6+7/){?+a—
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dy® &y
—acos (6+ 9 7 + P —osin (60 + 9 — dt2 (12)
[ PT (@ 2T, paty | (ag 2T,
d2 da dt/ 92 = d® 9y dg  9y?
dady Ty, de T\, dy T\ a2T1}
dt dt ooy dt otoa dt ot 9y ot?
From the relations (11) it follows that:
d®a _ BA((x;f) ( ﬁ) JA(a,y) 5 0E(0y)) _ )
ez & oo AMap + &fo- 2/ oy te oy =lap;
&y _ 5 0=y ( ﬁ) 0E(ary) | 2 9E(a) -
iz =& g Mep +elo-5 dy dy =D
(13)
do (g 90 47 _ ( ﬁ) =
(dt) = &N (a,)); = Ta - fle-3 A,y + EAMa,PE(a,);

dp? u\’ u
B — = —_— — = 2= 2
(d;fy) (a) 5 ) + 2¢ (a) 5 )u(oc,y) + £%Z(0,y)

Substituting (10) into equation (9) and taking into account (12) and (13),
after equating coefficients of the same & powers, we obtain the differential

equation of the first approximation, which combines functions # (¢, 7 6)
Ale, ), Ea, P

(a)—%)wcos (6 + 7)—(60—%)0!%;’7/)@11(94' Y-

- 20A(0,y sin (0 + p — 200E(e,y) cos (0 + ) +

(14)

2 N2 2 2
+(w_%) 8T1+2(w_£)aT1+aT1+w2Tl=

0y oty o2

= w?Hso cos (6 + @) cos 20 + Hs sin 6
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The resonance (14) takes the form:

% + 0*T, w’Hyocos(6 +7) cos 20 +
(15)

+ Hssin 60 + 20 Ale,y) sin (6 + 9 + 200E(e,)) cos(0 + 9)

For unambiguous determination of A(e,p), Z(¢,y) additional conditions are
applied to function T (¢, 3, 6) (BOGOLIUBOV, MITROPOLSKY, 1961). It is believed
that the function T (¢, %, 6) and its partial derivatives up to the second order
including are 27z periodic for w = 6 + yand do not include in expansion items
proportional to sin y and cos v .

Thus functions A(e,7), Z(«,y) are defined in such way that the following
equations are satisfied.

2r 2r
JTl(a,w) cos ydy = 0; JTl(O!,l//) sindy =0
0 0

From physical point of view application of the mentioned above conditions
corresponds to choosing a as full amplitude of the first fundamental harmonic
of oscillations.

The mentioned conditions provide absence of terms with first harmonics in
the right part of equations for determining the desired functions A(e, p),
E(e, p, which makes it possible to avoid secular terms in solutions.

The differential equation (15) allows to get an equation (16) to find
functions A(e, p), E(e, p):

2r 2n
w? Hzochos v cos 2(y — 7 sin wdy + JHS sin (y — 7 sin wdy +
0 0
27 2r
+ 20 A(e,y) Jsin vsin ydy + 20aZ(a,y) Jcos vsin ydy = 0
0 0

2z 27
w? HQaJcos w cos 2(w — 7 cos ydy + JHg sin (w - 9 cos wdy +
0 0
2 2
+ 20 A(e,y) Jsin ycos ydy + 200E(w,y) Jcos wceos wdy =0
0 0
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Calculating integrals, we have:

2
%sm y+ Hzmcos y+ 20nA(0,) = 0
(16)
2
&;aﬂcos 2’}/— H37rsin '}/+ 20)05”5(&,}/) = O

Defining from (16) functions A(e, 7), (e, p) based on (11), we obtain system
of differential equations which describes the basic parameters of vibrations:

d Hyw? .
dt_a il 80.5 5 (a 2250 sin 2y + Hj cos 7)
(17
yza)—05u— £ (H2wzcos2y—lésiny)
dt ) (w+ 05w\ 2 o

Results and discussion

Graphic dependences of the amplitude of resonance oscillations for a band
saw blade, which is s = 1 mm thick, B = 26 mm wide, and / =0.5 m long on the
working section (provided that: band saw material is steel, E = 2.1x10° MPa,
density p = 7850 kg/m?, speed p = 30 m/s), were built basing on solution to
equation (17) for the static component of tension force, which corresponds to
different tensions of a saw blade (Fig. 2).

a

0.0015 |-

0.0010

0.0005

70 80 90 100

Fig. 2. Amplitude of resonant vibrations of working area for a band saw blade under initial tension:
curve 1 — 200 MPa; curve 2 — 160 MPa, curve 3 — 120 MPa

t
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As shown on Figure 2, on the area of a band saw blade between the leading
rollers, when tension increases from of 120 MPa (curve 3) to 200 MPa (curve 1),
the amplitude of resonance vibrations decreases by 0.4 mm. Thus a band
saw blade under greater initial tension smoothly enters into saw cut under the
condition of minor fluctuations of pretension force when the variable compo-
nent of this force is 0.1% of the static one.

Resonant vibrations amplitudes of a band saw blade non-working branch
under different pretension stresses are received under the same geometrical
parameters of saw blade cross-section as for a working branch and a section
[; = 1.3 m. When the length of the blade increases, the resonance vibrations
amplitude grows to 4.4 mm in the middle section at the slightest pretension
of 120 MPa and decreases to 3.3 mm for the pretension stress of 200 MPa
(Fig. 3).

0.003 |
0.002 |

0.001 |

L L L L L I t
70 80 90 100

Fig. 3. Resonant vibrations amplitude of a band saw blade non-working branch under pretension
stress: curve 1 — 200 MPa; curve 2 — 160 MPa, curve 3 - 120 MPa

Conclusions

Amplitude and frequency features of band saw blade sections were ob-
tained in the result of solving the differential equation of forced transverse
vibrations of a band saw blade as a stretched moving rod with stable cross-
section, under condition of variable tension force. It was theoretically deter-
mined that section of a working branch of a saw blade between the leading
rollers and an area of a drawn non-working branch can vary in resonant mode,
if there is even a small perturbation force that results from the eccentricity of

Technical Sciences 18(1)2015



Resonant Vibrations of the Moving Band... 59

the leading rollers or saw pulleys. However, varying tension forces determined
by oscillating occurrences and dynamic loads in the elastic cutting mechanism
system were taken into account.
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Abstract

In the paper a fragment of research on development of modelling methods of asymmetrical
multi-bolted flange connections is presented. The effect of the bolt modelling method in a single
bolted joint on both the stiffness characteristics of elements joined in the multi-bolted flange
connection and bold forces have been examined. An analysis of the multi-bolted flange connection is
carried out for selected models created using the finite element method (FEM). Guidelines for the
selection of the bolt modelling method in the case of both the stiffness analysis and the load analysis
of multi-bolted flange connections have been pointed out.

Introduction

Starting a process of designing the mechanical system, the designer needs
to find a compromise between the level of model simplification and the
required accuracy of performed calculations results (for a review, see SZAB-
RACKI, LIPINSKI 2014). This applies particularly to FE-modelling of systems of
many bodies being in a contact, an example of which are multi-bolted connec-
tions (Fig. 1).

In the papers (GRZEJIDA 2013, WITEK, GRZEJDA 2006) modelling and calcula-
tions of selected multi-bolted flange connections were presented. The described
models of these connections can be used to calculate asymmetrical systems, in
which a flange element is joined with a rigid support. The most important
feature of the proposed method of modelling is the treatment of the multi-
-bolted connection as a system composed of three subsystems, which are: bolts,
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Bolt

Flange

Rigid support

Fig. 1. Multi-bolted flange connection

the flange element and the contact layer between the flange element and the
rigid support. Through this approach each subsystem can be modeled and
developed separately.

In the paper (GRZEJDA 2014) the effect of the method of single bolted joint
modelling on stiffness values of elements joined in this connection was inves-
tigated. Continuing with this work is the current paper, dedicated to developing
the subsystem of bolts as a part of the multi-bolted system. Considerations are
limited to testing the effect of simplifications of the single bolted joint model on
both the stiffness characteristics of the connection and forces in the bolds. All
analyses were carried out using the Midas NFX 2014 program.

Basics of the analysis

One of the important problems considered in the case of calculations of
multi-bolted connections is the stiffness analysis of its elements. Treating the
bolts as linear elements, their elastic flexibility can be easily and correctly
determined by the instructions given in the standard VDI 2230 (GRUDZINSKI
2012) or by using the simplified method (Bouzip, BEGHOUL 2003). However, to
determine the elastic flexibility of elements joined in multi-bolted connections,
the finite element method is increasingly applied (for a review, see PEDERSEN,
PEDERSEN 2008).

Analyzing publications on FE-modelling of bolted connections, it can be
concluded that the following models are most commonly used by researchers:

— models without any bolts, but with the influence of the preload (CALIS-
KAN 2006, T1irovIC, VOLLER 2005),

Technical Sciences 18(1)2015



Modelling of Bolts in Multi-Bolted... 63

— plane models (TENMA et al. 2011),

— models, wherein the plain part of the bolt is modeled as a beam and its
head as a rigid or deformable element (MONTGOMERY 2002, MONTGOMERY
2006),

— spatial models (NAGATA et al. 2011, WANG et al. 2013).

In the paper the usefulness of bolt models described in the literature for
modelling of a set of bolts in multi-bolted connections is examined. For this
purpose the following models of the separated bolted joint are chosen:

— the 3DB model, with the bolt modeled using cylindrical spatial elements,

— the SB model, in which the plain part of the bolt and its head are modeled
with use of beam elements but the total volume of beam elements for the head
is assumed to be equal to the volume of the head of the bolt in the 3DB model,

— the RBB model, consisted of the flexible plain part of the bolt and the
rigid head of the bolt.

FEM-based models of the multi-bolted connection

Research were executed on an example of the multi-bolted flange connec-
tion shown in Figure 1. Calculations are carried out for the thickness of the
flange h equal to 30 mm. The flange is fastened to a rigid support by means of
eleven bolts M10 made in the mechanical property class 10.9. The preload of
the bolt F,, is equal to 17.2 kN and it was set down on the base of Polish
Standard PN-EN 1591-1. However, the total surface area of preload acting A,,
is equal to 24.1 cm? and it was set down based on Polish Standard PN-EN ISO
7091. In the 3DB model of the connection, for modelling of the contact joint
between the head of the bold and the flange default contact elements available
in the Midas NFX 2014 program is used. In other models, contact elements are
not included. Developed computational models of the multi-bolted connection
are shown in Figure 2.

Calculations of the multi-bolted connection
The elastic flexibility of the bolt e, is calculated according to the standard

VDI 2230 (GRUDZINSKI 2012) as the sum of the elastic flexibility of the
individual fragments of the bolt e

€s = Zesi (1)

Technical Sciences 18(1)2015



64 Rafal Grzejda

Fig. 2. Computational models of the multi-bolted connection: « — RBB model, 6 — SB model,
¢ — 3DB model

Calculated from the formula (1) the elastic flexibility of the bolt is adopted
equal for all models of the multi-bolted connection. Its value is given in Table 1.

However, the elastic flexibility of the joined flange element e,; is defined
based on the relationship (for a review, see HAIDAR et al. 2011)

o
€ej = F—i (2)
where:
Oz — average normal displacement of nodes lying in the total surface area A,,,

under the action of forces F,,;
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J — symbol of the consecutive FEM model of the connection, j = {RBB, SB,
3DB}.

The elastic flexibility of the joined flange element for all models are given in
Table 1.

Table 1
Elastic flexibility values of the joined flange element [mm/MN]

€s €,,RBB €,,SB €p,3DB

2.91 0.177 0.188 0.184

The relative difference between the obtained elastic flexibility values is
analyzed on the basis of the W, index

_ ep,x - ep,SDB
W = €p,3DB 3
where:
e,. — flange elastic flexibility obtained for beam models of the connection

(x = RBB lub SB),
e,spp — flange elastic flexibility received for 3D model of the connection.

Calculated W, index values are summarized in Table 2.

Table 2
W, index values [%]

Wres Wsg
-4.16 1.72

In the case of the stiffness analysis of the multi-bolted connection, the best
bolt model among the proposed equivalent bolt models in relation to the 3D
model is the SB model. The assumption of this model of the multi-bolted
connection may result in increased values of the elastic flexibility of the joined
flange element by approximately 2%.

The average value of the bolt force F;; can be determined according to
relations arising from the joint diagram in the form (JUVINALL, MARSHEK 2006)
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= s
Fyj=F, + F, o + o (4)

where:
F, — external load.

It can be assumed that the external load F, is proportional to the preload F,,
F.=a"F, (5)
where:

o — ratio of the external load to the preload.

The F;; values are set up in Table 3 for the parameter o adopted at the level
of 0.5.

Table 3
Bolt force values [kN]
FS,RBB F‘s,SB F‘s,SDB
17.692 17.721 17.713

The relative difference between the obtained bolt force values is analyzed
on the basis of the Z, index

st_ 5,3DB
Z, = ——4—— (6)
Fs,3DB
where:
F,, - average bolt force obtained for beam models of the connection

(x = RBB lub SB),
F,spp — average bolt force received for 3D model of the connection.

Calculated Z, index values are summarized in Table 4.

In the case of the load analysis of the multi-bolted connection, the best bolt
model among the proposed equivalent bolt models in relation to the 3D model
is the SB model. The use of this model may cause a negligible increase of bolt
force values up to 0.05 %.

Table 4
Z, index values [%]

Zgps Zsp
-0.11 0.05
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Conclusions

Studies on multi-bolted connections are often carried out in the aspect of
the selected problems, in which knowledge of the distribution of stress and
strain levels in all elements of the connection is not necessary. In the case of
FEM analysis of the stiffness characteristics of multi-bolted connections or
forces acting on the bolts in such connections, it is better to use simplified
models of bolts and multi-bolted connections. Then the results of calculations
can be obtained in shorter time and modelling becomes more efficient.

In the paper the load analysis is conducted based on the classical joint
diagram, taking into account elastic flexibility values calculated using FEM. It
is worthwhile to carry out a similar analysis based entirely on FEM. Results of
this analysis will be described in a separate article.
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