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Abstract: This article deals with the uniformity of the distribution of axial forces between the
individual bolts of the clamping sleeve. Clamping sleeves are machine components connecting the
shaft to the hub using contact force. For sleeve pretension, bolts are used and positioned symmetrically
with respect to the axis of the clamping sleeve. Though the bolts are placed symmetrically around
the axis, the bolt axial forces are not uniformly distributed when the bolts are tightened according
to the manufacturer’s catalog. First, this article describes the procedure for tightening the sleeve
bolts according to the manufacturer’s catalog. In the next part of the article, an FEA simulation
of sleeve tightening is performed. The FEM simulation is then compared with the values found
by measurement.
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1. Introduction

Clamping sleeves are machine components connecting the shaft and hub. In today’s
technical practice, they are very often used for their advantages, but they also show failures,
for example in [1,2]. They work on the principle of a frictional force. To develop contact
pressure, which is important for the function of the joint, it is necessary to pretension
the clamping sleeve bolts. These bolts are often distributed symmetrically around the
axis of the clamping sleeve. In this article it is the Rexnord Tollok TLK 400 clamping
sleeve in dimensions 50 × 80 mm used [3]. More detailed information about the clamping
connections in general can be found, for example, in [4].

This sleeve is pretensioned with eight M8 bolts placed symmetrically around axis of
the clamping sleeve. A view of the sleeve and a description of the bolts is shown in Figure 1.
Even with the symmetrical distribution of the clamp sleeve bolts, after tightening the clamp
sleeve bolts according to the manufacturer’s catalog, the bolts axial forces between bolts
are not symmetrically distributed. In general, it can be said that a relatively large error is
introduced into the tightening by the conversion of the tightening moment of the bolts,
which is given by the manufacturer, into the axial force, which is important for tensioning.
The precise determination of the axial force from the tightening moment is problematic due
to several complexly determined values. The solution to this problem can be a specialized
device that tensions the bolt by axial force and then tightens the nut freely [5,6]. It is
not possible to use this method of tightening the bolts of the clamping sleeve due to the
shorter bolts.

1.1. Uniformity with Respect to the Tightening Sequence

The uniformity of the distribution of axial forces between the individual bolts can
affect the contact pressure and therefore the maximum operating load that the sleeve will
carry. The uniformity of axial forces due to the tightening procedure is investigated, for
example, in [7–9]. In none of the articles mentioned above are the uniformity of axial forces
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and therefore also the uniformity of stresses and pressures of the clamping sleeve addressed.
Very often, the tightening procedure for flanged sealing surfaces is solved [10,11], where,
of course, the uniformity of the axial force in the bolts has an influence on the uniformity
of the pressure acting on the seal, which is needed for the correct functioning of the seal.
It is at this point that the similarity between this flanged sealant joints and a clamping
joint becomes apparent, where the pressure acting on the tapered surfaces and cylindrical
surfaces to transfer the load is essential to the correct function of the joint. In the case of
these complications, simultaneous tightening of all bolts at the same time seems to be of
great interest; equipment for such tightening is offered, for example, by SKF [12].

Figure 1. Clamping sleeve with numbered bolts.

1.2. Bolted Connections

We can identify several types of clamping sleeves, including the number of bolts and
their location. A clamping sleeve with several bolts around the axis is probably the most
used. These bolted connections interact with each other, and the bolted connection solution
we are dealing with is a multi-bolted connection. The issue of multiple bolted connections
is addressed, for example, in VDI 2230 in its second part [13]. According to VDI 2230,
multiple bolted connections are also recommended to be solved using FEM. The FEM
simulation verified by the experiment is included, for example, in [14–16].

Due to several typical characteristics of the clamping sleeve, it is not possible to use
a common diagram of a pretensioned bolted joints, which can be found in the common
literature, for example, in [17,18]. Fundamental to the impossibility of using typical analyti-
cal calculations are the conical surfaces, which have a very small conicity, and relatively
large displacements of these cones occur during tightening. When considering the total
deformation (displacement), the stiffness of the flanges is very low. Due to the very atypical
properties of the bolted connections of the clamping sleeve, it is not possible to apply the
knowledge of force distribution to conventional bolted connections well enough. For this
reason, which is also the point of the paper, FEM and measurements are used rather than
analytical calculations using the pretensioned bolted joint diagram.

Due to the impossibility of using an analytical calculation because of the very atypical
bolted connection, two alternative methods are used. The FEM simulation of clamping
sleeve bolted connections is used. From the literature, in the case of the impossibility
of analytical calculation, it is quite possible to use FEM [19]. FEM serves very well in
applications where the bending moment of bolts can be expected [20], which is also the
case with the clamping sleeve. In addition to the possibility of using the FEM, another
option for determining the axial force in the bolt is measurement.
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1.3. Measuring Bolt Axial Force

Measuring the axial force in bolts is quite common in technical practice and is used
in cases where we do not know the axial force in the bolt and we need to determine it
accurately. One variant is the FEM simulation, which determines the force in the bolt.
The advantage of this method is the ability to accurately model, for example, the input
force. However, we make simplifications in several parameters, such as surface structure,
material properties or manufacturing inaccuracies, so we often proceed to measure the
axial force directly on the actual component. The disadvantage is the frequent need for
adjustment and therefore measurements differ from the actual state.

There are several ways to measure the axial force in a bolt. Probably the most common
in practice is the use of an axial force transducer, which is most often a strain gauge
device. In technical practice, it is often not possible to use purchased sensors due to their
dimensions, so we usually use sensors made exactly for the application [21]. The sensor
in the form of a housing with a strain gauge is discussed, for example, in the article [22].
Another method that is less common is the optical sensor method [23]. These methods need
a housing with strain gauges, so they change the stiffness of the flanges. Another option is
to use the bolt as a sensor. In this case, it is necessary to reduce the preload and consider
the change of the bolt stiffness. Very often the bolt is fitted with two strain gauges [24],
which are connected to one bridge.

1.4. FEM Simulation

FEM simulation involves converting a real problem into a 3D model and setting
boundary conditions. It is the setting of the boundary conditions that is the biggest problem,
which is why the verification of the FEM model is usually achieved using measurements,
such as in these articles [25–27]. The FEM model was setup considering information from
the following sources [28–30]. FEM is described in Section 2.4. It used Ansys Workbench
2020 R2 from Ansys manufacturer from Canonsburg, PA, USA.

2. Materials and Methods

The basic requirement is to use as many values as possible from the manufacturer’s
catalog to respect the real application situation as much as possible.

2.1. Values from the Clamping Sleeve Manufacturer’s Catalogue

Fundamental to this issue is the procedure for tightening the clamp sleeve bolts and
lubricating the clamping sleeve, which has a significant effect on clamping sleeve tightening.
For the previously defined clamping sleeve, TLK 400 50 × 80, it is possible to find the bolt
tightening torque value in the manufacturer’s catalog. The tightening torque value in the
manufacturer’s catalog is for unmodified bolts and for transferring the working load of the
sleeve. The TLK 400 50 × 80 sleeve is pre-tensioned with 8 bolts with a tightening torque
of 41 Nm. In addition to the tightening torque, the tightening procedure is also defined as
follows:

1. Tighten the bolts crosswise to half torque;
2. Tighten the bolts crosswise to full torque;
3. First time around the circumference to full tightening torque;
4. Second time around the circumference to full tightening torque.

So, if we divide this procedure into individual steps, we reach the 32-consecutive-step
increments of bolt pretension force.

2.2. Input Data for FEM

For the FEM model, it is first necessary to determine the input values. These values are
not part of the clamping sleeve manufacturer’s catalog. The calculation of input values for
the FEM model was determined, for example, in [31]. The input values were the dimension
of the sleeve, the tightening toque of the Bolts and the pressure of the shaft or hub from
manufacturer’s catalog. The frictional properties on the sleeve, bolt and the axial force in
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the bolts are unknown. Due to the necessity of using a numerical calculation method, the
solution was performed using MathCad from the PTC company based in Boston, USA.
From the contact pressure acting on the shaft and the tightening torque of the bolts, other
parameters needed for the FEM model were determined.

In the manufacturer’s catalog, the tightening torque is defined in the form of a tighten-
ing torque. It is first necessary to define the equation for calculating the axial force in the
bolt from the tightening torque. Equations (1)–(4) are from [32].

Fo =
Mu

f ·
(

Ds
2

)
+ (tan(ψ + ϕ))·

(
d2
2

) (1)

Mu is the tightening moment of the bolts, Fo is the bolt pretension force, and f is the
friction coefficient under bolt head and on conical and cylindrical surfaces. Ds

2 is the middle
friction diameter, and d2

2 is the major diameter of thread. The middle friction diameter is
the diameter between bore diameter of the Bolt and diameter of the Bolt head.

However, this equation is very general and does not sufficiently define the exact
application of this bolted connection in the clamping sleeve. A more accurate application
of this equation with the application of a clamp sleeve is possible by using the equation to
calculate the contact pressure on the shaft from tightening the clamping joint.

pH =

8· Mu

f ·( Ds
2 )+(tan(ψ+ϕ))·

(
d2
2

)
π·dh·lh·(tan(β) + f )

(2)

The contact pressure pH acting on the shaft is based on the clamping sleeve as given
in the manufacturer’s catalog. Other parameters, such as the length of the sleeve lh, shaft
diameter dh, the angle of the cone β, etc. are based on the 3D model of the clamp sleeve.

To fit the equation, it is necessary to define two more equations representing the
parameters of the bolt thread:

Thread pitch angle:

ψ = arctan
(

Ph
π·d2

)
(3)

where Ph is a thread pitch.
Reduced friction angle:

ϕ = arctan
(

fz

cos α
2

)
(4)

In Equation (4), after adding the other equations, we have three variables: the axial
force in the bolt F0, the coefficient of shear friction on the thread fz, and the coefficient of
shear friction on the conical and cylindrical surfaces of the clamping sleeve f . Due to the
number of variables in one equation, it is necessary to use the numerical method for the
calculation. We used the numerical calculation method in MathCad 15 from PTC based in
Boston, MA, USA. The preset tolerance in MathCAD was used; The tolerance = 0.001. Two
consecutive iterations of the calculation must not differ by more than 0.001. The solution
therefore results in the following values and was applied to the tightening moment from
catalog 41 Nm: the coefficient of shear friction on the thread fz = 0.1, and the coefficient of
shear friction on the conical and cylindrical surfaces of the clamping sleeve f = 0.13446.
The calculated force pretension in the bolt was F0 = 30, 200 N.

These values found by the numerical method were verified by back substitution into
Equation (2), and the tightening moment was calculated. The behavior of the FEM model
with the following values as parameters was also verified: The correct function was checked
with respect to contact pressure. The contact pressure acting on the shaft or the bore in the
hub was compared to the pressure specified by the clamping sleeve manufacturer in the
catalog. FEM analysis settings is the same as 2.4. Even bolt pretension is an original force
from Equation (1).
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The catalog pressure value for the unmodified clamping sleeve acting on the shaft
is 147 MPa, and for the pressure acting on the hub bore, it is 95 MPa. These values were
therefore compared to the values of the average contact pressure acting on the surfaces
of the shaft or the hub bore after the tensioning of the sleeve by axial forces in the bolts.
The FEM mean contact pressure values are 144.4 MPa for the shaft and 87.6 MPa for the
hub bore. The contact pressure on the shaft and hub bore is shown on Figures 2 and 3.
The pressure determined using FEM is lower than the catalog pressure for both the shaft
and the hub bore, but the difference is acceptable. The input values determined by the
numerical calculation method are correct, the setting of the FEM model with these values is
correct. The settings of this test model and the model used later in this article are the same.

Figure 2. Value of contact pressure acting on the shaft.

Figure 3. The value of the contact pressure acting on the hole in the hub.

2.3. The Principle of Measurement

To evaluate the uniformity of the distribution of axial forces between individual
bolts, the axial force in the bolts of the clamping sleeve is evaluated. The axial force was
determined using two strain gauges placed on each bolt of the clamping sleeve, A schematic
representation of the strain gauges on the bolt and the bolt with the strain gauges glued on
is shown in Figures 4 and 5. Torque wrench has an uncertainty of 5%, and uncertainty from
the measuring of the axial force with the strain gauge is under 2%. An HBM strain gauge
1-LY41-1,5/120 was used [33]. R1 was used with a strain gauge with resistance of 120 Ohm,
and R2, R3, and R4 were replaced by resistors with 120 Ohm resistance.
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Figure 4. Schematic representation of a bolt with strain gauges.

Figure 5. Bolt with bonded strain gauges.

Due to the modification of the bolts, the calibration of the bolts continued. Calibration
was carried out under tension on a tearing device. Both strain gauges on the bolt were
always calibrated simultaneously. The values determined by the calibration were plotted
on a linear curve, as shown in Figure 6. The calibration curves were then moved to the
origin, and the curve directives were added as a constant to the measurement program for
each strain gauge separately. The output of the program that was stored is the axial force
under each strain gauge. The mean value of the axial force in the bolt can be determined as
the average between both strain gauges. The separate connection of each strain gauge also
allows us to detect the possible bending of the bolts.

Due to the reduction in the bolt diameter for strain gauges and to the axial drilling for
the cable entry, the tightening torque and thus the axial force in the bolt need to be reduced.
The calculation of the reduced torque with respect to axial and radial bolt penetration is
given in [31]. The tightening torque was reduced to 20 Nm. For this tightening moment, the
axial force, which is the boundary condition of the FEM, was calculated using Equation (1).
The axial force in the bolt and the tightening torque are given in Table 1.

Table 1. Tightening moment and axial force in bolts.

Tightening Moment Axial Force

Tightening to half torque at the cross 10 Nm ± 5% 7368.7 N
Tightening to full torque at the cross 20 Nm ± 5% 14,707 N
First tightening around the perimeter to full torque 20 Nm ± 5% 14,707 N
Second tightening around the perimeter to full torque 20 Nm ± 5% 14,707 N

Measurements were taken at rest. The hub was clamped solid and fixed. The only
input load acting on the construction is the load from the clamping sleeve preload. Machine
components replacing the shaft and hub were manufactured for measurement purposes.
The component replacing the shaft is basically just the cylindrical surface of the shaft on
which the clamping sleeve is placed. The hub is essentially a hollow cylinder. The outer
diameter of the hub corresponds to the minimum required hub diameter according to the
clamping sleeve manufacturer’s catalog. The fixing of the clamping sleeve is shown in
Figure 7.
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Figure 6. Strain gauge calibration.

The measurement uncertainty represented by the deviation obtained from the calibra-
tion is up to 2%.

2.4. FEM Model Parameters

Some parameters of the FEM model have been referred to in the section above. This
chapter will be focused on the setup of the FEM model of the clamping sleeve.

2.4.1. Geometry and Mesh

In terms of geometry, the model was designed to be as close to real as possible. This
model uses modified bolts that have a reduced outer diameter to bond the strain gauges.
For the reasons of meshing and convergence of the calculation, the axial and radial drilling
on the bolts were ignored. The bolt is shown in Figure 8.
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Figure 7. Hub and sleeve without shaft.

Figure 8. Bolt from FEM analysis.

The mesh has a major impact on the convergence of the FEM model. The best con-
verging mesh was created automatically according to the preset parameters of Ansys
Workbench 2020 R2 based on Canonsburg, USA Figure 9.

To achieve the final quality of the mesh, only the refinement of the mesh on individual
elements was used Figure 10. No other modifications to the mesh in terms of the meshing
methods used resulted in the creation of the mesh or convergence of the calculation. The
complications with the creation of the mesh are mainly due to the very small areas created
by the modification of the bolts or the relatively thin structures on the rings.

The modified FEM model mesh has a smaller element size. The global element size
is set to 5 mm. The cones and rings of the sleeve are resized to 3 mm. The mesh has a
22,643 elements and 84,721 nodes. It uses 9269 tetrahedrons (10 elements); 13,190 hexahe-
drons; 20 elements; and 184 pentahedrons (15 elements).
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Figure 9. Automatically generated mesh from ANSYS.

Figure 10. Modified mesh from ANSYS.

2.4.2. Contacts

The contacts shown in Figure 11 between the individual components of the model are
very important from the FEM analysis setup and for convergence. Under the bolt head,
frictional contact was used with a friction coefficient of 0.15. On the cone and on cylindrical
surfaces between the shaft and sleeve as well as between the hub and sleeve, frictional
contact was used with a friction coefficient of 0.13446. For the bolt thread, bonded contact
was used.

2.4.3. Boundary Conditions

The boundary conditions of the FEM model sleeve respect the real measurements as
much as possible. The load is defined by the bolt pretension function, as shown in Figure 12.
The construction is fixed in space by a “Fixed Support” constraint defined on the hub head.

2.4.4. Material Properties

Only structural steel was used in this analysis. The material properties of the structural
steel is described in Table 2. The linear material properties are from the Ansys database.
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Figure 11. FEM model contacts. (a) Friction contacts between cones and sleeve rings. (b) Contact on
cylindrical surfaces between sleeve rings and shaft or hub. (c) Contact between threaded cone and
bolts. (d) Contact between cone and bolt head.

Figure 12. Boundary conditions of FEM analysis.

Table 2. Material properties.

Structural Steel

Density 7850 kg/m3

Young’s Modulus 2 × 105 MPa
Poisson’s Ratio 0.3
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2.4.5. Loads

Very important in the case of the FEM model setup is the number of analysis steps.
The originally planned number of 32 steps was increased to 34 by adding one step at the
beginning and one at the end of the analysis. The first step was added for the convergence
of the calculation. The bolts in the first step were preloaded to 0 N, and from this value, the
axial force in the individual bolts is increased. The last step is the step that should represent
the steady state after tightening. Bolt pretension in each step is described in Table 3.

Table 3. Bolt tightening procedure in FEM analysis.

Bolt 1 (N) Bolt 2 (N) Bolt 3 (N) Bolt 4 (N) Bolt 5 (N) Bolt 6 (N) Bolt 7 (N) Bolt 8 (N)

Step 1 0 0 0 0 0 0 0 0 Load

Step 2 7369 Lock Lock Lock Lock Lock Lock Lock

Ti
gh

te
ni

ng
to

ha
lf

to
rq

ue
at

th
e

cr
os

s

Step 3 Lock Lock Lock Lock 7,368,695 Lock Lock Lock
Step 4 Lock Lock 7369 Lock Lock Lock Lock Lock
Step 5 Lock Lock Lock Lock Lock Lock 7369 Lock
Step 6 Lock 7369 Lock Lock Lock Lock Lock Lock
Step 7 Lock Lock Lock Lock Lock 7369 Lock Lock
Step 8 Lock Lock Lock 7369 Lock Lock Lock Lock
Step 9 Lock Lock Lock Lock Lock Lock Lock 7369

Step 10 14,737 Lock Lock Lock Lock Lock Lock Lock

Ti
gh

te
ni

ng
to

fu
ll

to
rq

ue
at

th
e

cr
os

s

Step 11 Lock Lock Lock Lock 14,737 Lock Lock Lock
Step 12 Lock Lock 14,737 Lock Lock Lock Lock Lock
Step 13 Lock Lock Lock Lock Lock Lock 14,737 Lock
Step 14 Lock 14,737 Lock Lock Lock Lock Lock Lock
Step 15 Lock Lock Lock Lock Lock 14,737 Lock Lock
Step 16 Lock Lock Lock 14,737 Lock Lock Lock Lock
Step 17 Lock Lock Lock Lock Lock Lock Lock 14,737

Step 18 14,737 Lock Lock Lock Lock Lock Lock Lock

Fi
rs

tt
ig

ht
en

in
g

ar
ou

nd
th

e
pe

ri
m

et
er

to
fu

ll
to

rq
ue

Step 19 Lock 14,737 Lock Lock Lock Lock Lock Lock
Step 20 Lock Lock 14,737 Lock Lock Lock Lock Lock
Step 21 Lock Lock Lock 14,737 Lock Lock Lock Lock
Step 22 Lock Lock Lock Lock 14,737 Lock Lock Lock
Step 23 Lock Lock Lock Lock Lock 14,737 Lock Lock
Step 24 Lock Lock Lock Lock Lock Lock 14,737 Lock
Step 25 Lock Lock Lock Lock Lock Lock Lock 14,737

Step 26 14,737 Lock Lock Lock Lock Lock Lock Lock
Se

co
nd

ti
gh

te
ni

ng
ar

ou
nd

th
e

pe
ri

m
et

er
to

fu
ll

to
rq

ue
Step 27 Lock 14,737 Lock Lock Lock Lock Lock Lock
Step 28 Lock Lock 14,737 Lock Lock Lock Lock Lock
Step 29 Lock Lock Lock 14,737 Lock Lock Lock Lock
Step 30 Lock Lock Lock Lock 14,737 Lock Lock Lock
Step 31 Lock Lock Lock Lock Lock 14,737 Lock Lock
Step 32 Lock Lock Lock Lock Lock Lock 14,737 Lock
Step 33 Lock Lock Lock Lock Lock Lock Lock 14,737

Step 34 Lock Lock Lock Lock Lock Lock Lock Lock Final

The analysis is very complicated in the convergence perspective. To ease convergence, a
change has been made to the convergence criterion. Moment convergence, deformation con-
vergence and rotational convergence have been removed. The only criterion for convergence
is force. The tolerance for convergence was set at 5%. The total number of iterations through
each step was 55.

3. Results

The results are presented in two chapters, the results from the measurements and the
results from the FEM.
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3.1. Measurements Results

Several measurements were made. The values presented in this article are the average
of all measurements that have been made. To be able to merge several measurements
together and to compare measurements and FEM, values from each measurement were
written out only in the same steps, and as is in the case of FEM, this was always performed
after the tightening one of the bolts. For illustration, the values have been presented in
the same table as for the FEM boundary condition (see Table 4). Measurements were
made using NI 9327 measurement cards and LabVIEW 2017 software. LabVIEW 2017 from
Austin, TX, USA, was used. The value in mV/V was measured for each single strain gauge.
The value of each strain gauge was already converted to a force in N in LabView Software
using a calibration constant. Then, the average of the two strain gauges was calculated for
each screw as the tensile component of the force. The measurement uncertainty represented
by the deviation obtained from the calibration is up to 2%.

Table 4. Axial forces in bolts determined by measurement.

Bolt 1
(N)

Bolt 2
(N)

Bolt 3
(N)

Bolt 4
(N)

Bolt 5
(N)

Bolt 6
(N)

Bolt 7
(N)

Bolt 8
(N)

Step 1 0 0 0 0 0 0 0 0 Load

Step 2 7614.22 −15.01 1.51 −20.03 0.53 0.52 −0.46 −3.83

Ti
gh

te
ni

ng
to

ha
lf

to
rq

ue
at

th
e

cr
os

s

Step 3 1419.11 −4.12 −2.53 −25.67 7469.60 −1.04 −1.66 −5.19
Step 4 −25.79 −8.67 5121.02 −33.29 2621.93 −4.43 2454.08 −8.51
Step 5 −18.15 −15.71 5233.22 −36.05 213.74 −4.59 6684.75 −9.79
Step 6 1451.00 5960.76 190.33 2079.66 657.57 −5.72 3572.00 −6.20
Step 7 −11.35 7503.16 349.67 −40.12 −16.48 7704.75 796.12 −7.57
Step 8 −12.49 5020.45 −16.56 6207.28 209.12 3043.43 392.01 920.01
Step 9 −10.69 1698.68 −10.19 7395.16 −17.53 1687.88 −22.02 7691.23

Step 10 12,953.71 −29.03 −0.53 5861.13 −12.15 1473.39 −7.68 64.45

Ti
gh

te
ni

ng
to

fu
ll

to
rq

ue
at

th
e

cr
os

s

Step 11 11,942.56 −23.56 −1.20 517.60 13,264.32 −26.64 −9.82 −53.06
Step 12 6896.56 −19.09 6882.55 133.53 7004.06 −17.23 7287.41 −42.39
Step 13 3699.63 −15.79 13,770.43 −114.57 3697.45 −13.69 13,804.47 −36.38
Step 14 2799.03 3295.72 10,732.94 3118.07 780.51 6768.78 10,586.55 −31.82
Step 15 67.88 11,495.77 7939.14 3056.72 0.98 10,516.96 7443.02 3384.18
Step 16 78.35 10,711.08 2967.77 13,105.23 −42.73 11,566.62 5768.96 2928.16
Step 17 −28.29 12,280.31 2011.35 12,899.30 −38.58 11,017.44 2073.90 13,712.97

Step 18 14,630.10 6128.27 1473.26 12,746.89 −38.19 10,870.33 1343.01 7560.79
Fi

rs
tt

ig
ht

en
in

g
ar

ou
nd

th
e

pe
ri

m
et

er
to

fu
ll

to
rq

ue
Step 19 10,785.06 13,810.27 518.24 12,130.64 −38.41 10,878.84 1327.74 6899.88
Step 20 9523.61 7882.19 14,692.24 7110.66 −39.64 10,886.50 1325.74 6727.78
Step 21 9488.86 7431.03 12,030.89 13,481.10 −43.19 10,725.94 1327.23 6736.22
Step 22 9482.35 7384.08 11,151.42 8646.53 13,879.97 7677.90 1267.23 6743.12
Step 23 9478.48 7362.42 10,928.96 7696.62 10,898.68 14,188.13 615.82 6656.81
Step 24 9220.22 7367.44 10,933.79 7609.44 9749.03 8406.49 15,090.66 3042.15
Step 25 6156.04 7191.91 10,937.15 7603.04 9674.63 7546.01 10,576.24 14,308.60

Step 26 14,157.36 5714.81 10,851.89 7605.77 9651.51 7496.54 9984.79 11,514.25

Se
co

nd
ti

gh
te

ni
ng

ar
ou

nd
th

e
pe

ri
m

et
er

to
fu

ll
to

rq
ue

Step 27 11,017.26 13,589.92 9156.77 7512.14 9653.36 7497.28 9922.25 10,839.88
Step 28 10,148.21 11,186.81 14,247.01 6360.83 9559.49 7493.31 9889.80 10,599.67
Step 29 10,117.85 10,893.15 12,619.06 13,115.20 8656.10 7446.08 9886.54 10,600.59
Step 30 10,103.18 10,830.56 12,259.72 11,569.97 13,936.85 6665.77 9826.07 10,595.99
Step 31 10,094.67 10,821.34 12,199.17 11,034.10 11,650.85 13,730.56 8389.04 10,450.13
Step 32 9946.80 10,812.92 12,187.00 10,900.00 10,991.45 11,047.59 14,394.54 8693.12
Step 33 8722.73 10,724.43 12,182.18 10,867.15 10,935.03 10,626.51 12,394.79 13,976.74

Step 34 8722.73 10,724.43 12,182.18 10,867.15 10,935.03 10,626.51 12,394.79 13,976.74 Final

The last row of measured data shows that the axial force in all bolts is lower than the
axial force from Table 1. The last bolt to be tightened, i.e., bolt 8, is the closest to the nominal
required value of the axial force.
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Average force in the bolts at step 25:

Fpm25 =
∑ Fo25

i
= 9249.2 N ± 2% (5)

Average force in the bolts in step 34:

Fpm34 =
∑ Fo34

i
= 11, 303.7 N ± 2% (6)

During tightening, the axial forces in the bolts increase, and the axial forces become
homogeneous. Tightening was performed according to the clamping sleeve manufacturer’s
catalog [3]. Further tightening around the perimeter would increase the axial force in the bolts.

3.2. FEM Results

The axial forces in the individual bolts were also determined from the FEM analysis.
The FEM analysis was set up in 34 steps, as explained to the section before. The value of
one bolt in each step is equal to the nominal value that has been entered into the FEM as a
boundary condition. The values of the other bolts were determined. In the last step, the axial
force on any bolt is not defined as boundary conditions, and it is only values measured from
FEM. The axial forces in the bolts determined by the FEM are shown in Table 5.

The axial forces in individual bolts have much less variance than in the case of values
measured by strain gauges.

Average force in the bolts at step 25:

FpFEM25 =
∑ Fo25

i
= 14, 616.42 N ± 5% (7)

Average force in the bolts at step 34:

FpFEM34 =
∑ Fo34

i
= 14, 724.75 N ± 5% (8)

When comparing the average value in step 25 and the average value in step 34, it can
be shown that there is no significant increase in axial force. The difference is due to the
absence of properties such as surface texture, different coefficient of friction in different
parts of the conical surface, etc., which are properties that the FEM does not consider.

Table 5. Axial force in bolts from FEM analysis.

Bolt 1
(N)

Bolt 2
(N)

Bolt 3
(N)

Bolt 4
(N)

Bolt 5
(N)

Bolt 6
(N)

Bolt 7
(N)

Bolt 8
(N)

Step 1 0 0 0 0 0 0 0 0 Load

Step 2 7368.69 −12.60 −202.75 33.45 71.84 32.90 −222.84 −25.01

Ti
gh

te
ni

ng
to

ha
lf

to
rq

ue
at

th
e

cr
os

s

Step 3 7313.40 −12.61 −16.43 −504.33 7368.69 −469.42 −39.44 −25.01
Step 4 7027.10 −12.63 7368.69 −30.31 6551.30 −42.40 −39.45 −25.02
Step 5 6736.20 −12.63 7432.20 −30.32 6202.50 −42.40 7368.69 −25.01
Step 6 6441.70 7368.69 7160.90 −30.32 6209.70 −42.40 7346.60 −25.01
Step 7 6383.60 7261.50 7114.40 −30.32 5881.60 7368.69 6962.40 −25.01
Step 8 6414.50 7230.30 6860.90 7368.69 5529.90 7269.70 6947.10 −25.02
Step 9 6210.80 7169.20 6828.30 7330.60 5522.60 7240.00 6698.40 7368.69

Step 10 14,737.39 6265.60 6789.00 7420.30 5602.60 7256.20 6415.20 6432.50

Ti
gh

te
ni

ng
to

fu
ll

to
rq

ue
at

th
e

cr
os

s
m

om
en

tStep 11 14,853.00 6194.90 6672.00 6816.20 14,737.39 6705.00 6325.60 6456.60
Step 12 14,830.00 5423.60 14,737.39 5846.30 14,334.00 6480.80 6311.20 6512.50
Step 13 14,467.00 6164.60 14,120.00 6376.50 13,883.00 5811.50 14,737.39 5876.40
Step 14 13,430.00 14,737.39 13,485.00 6376.50 13,791.00 6271.10 14,110.00 6311.20
Step 15 13,408.00 14,746.00 13,477.00 6376.50 13,294.00 14,737.39 13,504.00 6312.90
Step 16 13,455.00 14,643.00 12,890.00 14,737.39 12,508.00 14,500.00 13,434.00 6312.90
Step 17 13,103.00 14,571.00 12,921.00 14,783.00 12,544.00 14,457.00 13,004.00 14,737.39
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Table 5. Cont.

Bolt 1
(N)

Bolt 2
(N)

Bolt 3
(N)

Bolt 4
(N)

Bolt 5
(N)

Bolt 6
(N)

Bolt 7
(N)

Bolt 8
(N)

Step 1 0 0 0 0 0 0 0 0 Load

Step 18 14,737.39 14,368.00 12,914.00 14,796.00 12,550.00 14,418.00 12,795.00 14,404.00

Fi
rs

tt
ig

ht
en

in
g

ar
ou

nd
th

e
pe

ri
m

et
er

to
fu

ll
to

rq
ue

Step 19 14,684.00 14,737.39 12,877.00 14,792.00 12,553.00 14,424.00 12,808.00 14,383.00
Step 20 14,668.00 14,550.00 14,737.39 14,671.00 12,539.00 14,431.00 12,817.00 14,391.00
Step 21 14,664.00 14,529.00 14,711.00 14,737.39 12,532.00 14,430.00 12,814.00 14,388.00
Step 22 14,675.00 14,541.00 14,685.00 14,582.00 14,737.39 14,297.00 12,793.00 14,398.00
Step 23 14,678.00 14,543.00 14,677.00 14,532.00 14,651.00 14,737.39 12,743.00 14,394.00
Step 24 14,662.00 14,558.00 14,692.00 14,542.00 14,607.00 14,549.00 14,737.39 14,240.00
Step 25 14,617.00 14,550.00 14,695.00 14,546.00 14,612.00 14,527.00 14,647.00 14,737.39

Step 26 14,737.39 14,539.00 14,694.00 14,545.00 14,611.00 14,527.00 14,643.00 14,721.00

Se
co

nd
ti

gh
te

ni
ng

ar
ou

nd
th

e
pe

ri
m

et
er

to
fu

ll
to

rq
ue

Step 27 14,711.00 14,737.39 14,680.00 14,543.00 14,608.00 14,524.00 14,642.00 14,717.00
Step 28 14,711.00 14,732.00 14,737.39 14,539.00 14,608.00 14,523.00 14,641.00 14,716.00
Step 29 14,712.00 14,730.00 14,725.00 14,737.39 14,596.00 14,522.00 14,642.00 14,717.00
Step 30 14,712.00 14,731.00 14,723.00 14,727.00 14,737.39 14,513.00 14,641.00 14,718.00
Step 31 14,713.00 14,732.00 14,724.00 14,723.00 14,720.00 14,737.39 14,624.00 14,716.00
Step 32 14,712.00 14,733.00 14,724.00 14,723.00 14,715.00 14,724.00 14,737.39 14,706.00
Step 33 14,710.00 14,733.00 14,725.00 14,723.00 14,715.00 14,723.00 14,733.00 14,737.39

Step 34 14,710.00 14,733.00 14,725.00 14,723.00 14,715.00 14,723.00 14,732.00 14,737.00 Final

3.3. Comparison of Measurements and FEM

The difference in the values of the axial forces determined by the measurements and
the FEM is best shown by the graphs in Figure 13. The graphical representation allows for
the best visibility for each bolt individually. The values were inserted in 34 steps.

Figure 13. Cont.
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Figure 13. Measuring data and FEM data for each bolt.

The difference between measured data and the FEM data is clear. It is clear from the
graphs that the FEM data is much more uniform due to the exclusion of effects such as
surface structure. The achieved axial force in the bolt at the tightening end is always lower
in the case of measurement than in the case of FEM. The difference may also be due to the
way the bolts are tightened, which is based on the tightening torque and not directly on the
axial force in the bolt.

4. Conclusions

In conclusion, it can be concluded that even if the bolts are placed symmetrically
around the axis of the sleeve and are tightened exactly according to the manufacturer’s
catalog, the axial force in the bolts is not the same, and there is an asymmetry.

The asymmetry of the axial forces is created by several factors that enter the tightening
process of the clamping sleeve bolts.

• Tightening based on tightening torque. Since the tightening of the sleeve is based
on the tightening torque, but the axial force in the bolts is measured and required,
differences in frictional properties on individual bolts will cause different axial forces
in individual bolts.

• Tightening procedure according to the manufacturer’s catalog. The manufacturer’s
catalog recommends tightening each bolt in sequence. From a practical perspective, the
symmetrical simultaneous tightening of all bolts at the same time cannot be achieved.
The only option would be to tighten with a specialized mechanical device.

• Different friction properties and surface texture. All contact surfaces of the sleeve may
have different frictional properties at different points. Differences cannot be detected,
so they are neglected.

The solution to this problem could be part of further research. The best solution
is to modify the tightening procedure so that the differences in axial forces between the
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individual bolts are as small as possible. It would be advantageous to use the FEM model
to determine a better tightening procedure. It is faster and cheaper than bonded strain
gauges on bolts. In addition, we can simulate the FEM with the original axial force in the
bolts. A complication arises by not introducing some of the properties of the clamping
sleeve. Not introducing the surface structure seems to be essential. The FEM model shows
a relatively uniform distribution of axial forces between the bolts, although the response
sleeve shows very different values of axial forces in the sleeve bolts.
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