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Bolted Connection of an End-Plate Cantilever Beam:
The Distribution of Operating Force

Simon Oman* — Marko Nagode

University of Ljubljana, Faculty of Mechanical Engineering, Slovenia

This paper presents an alternative method for calculating the operating forces on bolts in the bolted connections of the end-plate cantilever
beams. Since operating force reduces pressure between the joined surfaces the influence of the operating force needs to be considered when
determining the clamping force. Therefore, correctly defined operational force on each bolt is a base for all further calculations.

To evaluate proposed method, results of four existing analytical methods for calculating the operating forces in the bolted connections
of the end-plate cantilever beams are compared with the results of the alternative method and the results gained by finite element analyses.
Because finite element analysis take into account all influential parameters it is expected that the results obtained by finite element analyses
are a good approximation to reality and can serve as a reference when comparing different analytical methods. It turns out that the results
of the proposed method coincide with the results of finite element analyses the most. Only the proposed method correctly determines which
bolts in the connection are subjected to the highest additional loads.
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Highlights

*  New method for calculating the distribution of operating forces on bolts is presented.

*  Results gained by presented method coincide with the FEM analysis the most.

*  Results were also confirmed by measurements of the actual forces in the bolts.

*  The method, in contrast to existing analytical methods, correctly determines the most critical bolts for selected cases.

0 INTRODUCTION

Bolted connections of beams are very common joints
in steel constructions. There are two basic bolted joint
types that an engineer can use to connect two parts
together: snug tight and prestressed joint. The two
differences between these joints are the amount of
mounting force achieved during installation, and the
allowable movement between those surfaces in contact
while in service. Since most steel constructions are
dynamically loaded, prestressed joints are commonly
used. In a prestressed joint, pressure between surfaces
in contact and a coefficient of friction form a frictional
force that prevents slippage. If no slippage is allowed,
the frictional force in the worst load case has to be
greater than a tangential force (i.e. a force occurring in
a direction parallel to the joint surfaces) that appears
as an outside load during operation. This is achieved
by the proper determination of the clamping force (i.e.
the mounting force of each bolt). For many prestressed
joints a force component normal to the joint surfaces,
the operating force, acts in addition to the tangential
force (the operating force also being coincident with
the axial direction of the bolts). This operating force
reduces the pressure between the joined surfaces and
hence reduces the sealing force [1] to [3] where the
sealing force is the product of the pressure and the
effective cross section. Consequently, the frictional

force is also reduced. Therefore the influence of
the operating force needs to be considered when
determining the clamping force [4]. For the end-
plate cantilever beam discussed in this article (see
Fig. 1), the joint is loaded with a tangential force and
a normal force due to an applied bending moment.
The difficulty in determining the necessary clamping
force to prevent slippage occurs when estimating the
distribution of the operating force across the bolts.
The value of the operating force on each bolt is in fact
dependent on many factors, particularly its location
within the joint.

In practice several different analytical methods
are currently used for calculating the operating
forces in the bolted connections of the end-plate
cantilever beams. All these methods are based on
various assumptions, leading to diverse results. These
methods are fundamentally different with respect to
the assumed position of the neutral axis, which defines
which bolts in the junction are more or less loaded
due to the operating force. The first analytical method
[5] is the simplest since it assumes that the neutral
axis is located in the middle of the flange. It should
be noted at this point that this method is appropriate
only for flange connections of I-beams. The second
method [6] sets the neutral axis at the lower edge of
the flange and thus assumes all bolts are additionally
loaded. The third method [7] assumes that the neutral
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axis is positioned at a quarter of the flange height.
The fourth method [8] sets the position of the neutral
axis based on the thickness of the flange. It turns out
that the fourth method [8] is the most accurate of the
four, but even with this method the results may differ
considerably from reality. With regard to the operating
force the first method assumes it is equally distributed
across the bolts above the neutral axis. The other three
methods assume a linear distribution of the operating
force across the bolts according to the distance from
the neutral axis. Such a distribution would be possible
only if the flange is absolutely rigid which in practice
is simply not feasible. Therefore, we can conclude
that these methods are very approximate and only
the latter takes into account an additional parameter
(the thickness of the flange) to determine the neutral
axis position. However, we know that the actual
distribution of the operating force across the bolts
is mostly dependent on the bending stiffness of the
flange, which is not constant due to the spot attachment
via the bolts. Hence an alternative analytical method
is presented here which accounts for this distribution
of the operating force across the bolts.

Fig. 1. Bolted connection of the end-plate cantilever beam

1 METHOD FOR CALCULATING THE OPERATING FORCE
ON BOLTS

The idea of the method is as follows. First normal
stresses in the beam at the connection with the flange
(see Fig. 2) due to the applied bending moment are
calculated. The bending moment is calculated using
the equation:

M=F-r, @)

where M is the bending moment at the beam-flange
connection, F is the operating load in a tangential
direction and r is the distance from the end of the
beam to the point where the operating force is applied.

flange F
beam

-
Fig. 2. Sketch of the end-plate cantilever beam

Theoretically normal stresses change from
tension on one side of the beam to compression on the
other, whilst remaining zero on the neutral axis. The
stresses are calculated using the equation:

_M-e

o= Ji s (2)

where e is the distance from the neutral axis to the
position of interest and 7 is the moment of inertia of the
cross-section of the beam. In the next step, the normal
stresses are converted into the total normal force
separately for the tension and compression regions of
the section. The total normal force is calculated using
the equation:
e M-e
F, = j et de, 3)

0

where e, is the distance from the neutral axis to the
edge of the cross-section and ¢ is the thickness of the
cross-section. If the thickness of the cross-section is
not constant, as is the case for an I-beam, Eq. (3) must
be written separately for each thickness. The equation
for calculating the total normal force in the case of an
I-beam would be as follows:

F, :.[#-tl-de+
0

€

+J‘$~(2-r+tl—2-\[r2—(e—el)z)-de+

El

M e
+J.T~tz'de, (4)

L)

where ¢, is the thickness of the beam web, ¢, the width
of the beam flange and r is the radius on the web-
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flange connection. Further, the location of application
of the total normal force has to be calculated separately
for the tension and compression regions. The point
of force application is calculated using the following
equation:

MR=FN'y—>y=%, (5)
FN
where y is the distance from the neutral axis to the
point of the force application and M}, is the moment of
one of the regions (tension or compression) calculated
using the following equation:

_—
MR:.([ ;

Once again the equation for calculation of
moment needs to be applied separately to each section
if the thickness of the cross-section is not constant.
Knowing the values and the points of application
of the total normal forces that actually represent the
outside loads on the flange (see Fig. 3) the operating
force on the bolts can be calculated. In the next step of
the method it is assumed that the total tension force is
distributed only across those bolts among which it is
located. For the example shown in Fig. 3 this means
the total tension force is distributed across the upper
four bolts. It is further assumed that the distribution
of the operating force across these four bolts depends
on its vertical distance from the total normal force
application point. For the example in Fig. 3 the
operating force for the first line of the bolts can be
calculated using the equation:

a
F01_[FN'a+b)/nla (7

where F; is the operational force on one bolt in the
first line, a and b are distances of the bolt’s location
from the point of application of the total normal force
(see Fig. 3), and n; the number of bolts in the first line.
For the second line the equation is as follows:

b
FOZ—(FN'CH—bj/nZ. (8)

Furthermore it is assumed that the total
compression force is distributed across the remaining
bolts. In Fig. 3 this means the total compression
force is distributed across the lower four bolts.
For compression, the normal force is transferred
through the flange directly to that surface which the
flange is connected to. Therefore the bolts are not
additionally loaded but are relieved by an amount
corresponding to the deformation (flattening) of
the flange at the location of the bolt. Since bolts are

2
€ .t de. (6)

tension region

total tension

force =

»
L

neutral fibre

&

total compression/V

force

compression region

Fig. 3. Sketch of the normal forces acting on the flange

usually located more than one bolt diameter from the
nearest point of the beam cross-section and the fact
that the compression stiffness of the flange is high,
the deformation of the flange around bolts located in
the compression region is negligible. Consequently,
the difference in total bolt load for all bolts in the
compression region is also negligible. Therefore our
method assumes that the clamping and thus the sealing
force of the bolts in the compression zone does not
change despite the action of the operational force,
hence the initial prestressed state can be considered
for all further calculations. The assumption that the
total normal force is distributed only across those bolts
among which it is located holds when the stiffness
of the bolts compared to the bending stiffness of the
flange is much higher. In this case the clamping force
is selected so that, despite the action of the operational
force, the surfaces in the bolt region remain in contact.
Since the bolted connection of the end-plate cantilever
beam is usually designed so as to prevent slippage the
above mentioned conditions are normally fulfilled
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and our assumptions are acceptable. The method here
assumes that the neutral axis of the beam is located
at the centre of mass of the beam cross-section.
However, due to differences in bending stiffness of
the flange in the tension and compression regions the
neutral axis is shifted towards the total compression
force. The reason for this is that in the compression
region deformation of the flange is restrained over
the whole surface by the surface to which it is fixed,
whilst in the tension region the flange is restrained
locally by the bolts. As a consequence the value and
location of the total tension and compression forces
also change. The neutral axis is located at the centre
of mass only for cases where the flange is totally rigid
which in reality is not possible. Therefore the neutral
axis location is always slightly shifted. The value of
this shift depends on numerous parameters such as the
location of the bolts, flange thickness, flange material,
the value of the clamping force and dimensions of the
bolts, etc. To incorporate all of these parameters into
a calculation would be a very demanding task that
would not alter the results significantly as the shift
of the neutral axis would be relatively small. Hence
the proposed method, despite the assumption that
the neutral axis is located at the centre of mass of the
beam cross-section, gives better results than previous
methods, as discussed in Section 3.

2 SIMULATION OF AN END-PLATE CANTILEVER BEAM
BY THE FINITE ELEMENT METHOD

The stress strain state of the flange and bolts in the
bolted connection of the end-plate cantilever beam
is very hard to determine. Therefore, it is practically

fixed suports
a) spupport plate

R

LR 7
flange [N N

(\\

prestress load

load

washer

beam nut bolt

impossible to take into account all the influential
parameters when calculating the distribution of the
operating force across the bolts using an analytical
model. However using the finite element (FE) method
all such parameters can be taken into account. For
this reason, in past years, finite element models [9] to
[14] have been largely applied to simulate structural
elements and structures. Therefore it is expected
that the results obtained by finite element analysis
are a good approximation to reality and will serve
as a reference when comparing the new analytical
method with previous methods of calculation. All
finite element analyses are performed using ABAQUS
software.

2.1 Finite Element Model

To determine the distribution of the operating force
across the bolts, the end-plate cantilever beam FE
model (see Fig. 4) is composed of several parts: beam,
flange, support plate, bolts, nuts and washers.

Plastic material properties are used to define
the material characteristics of all the parts. For the
beam, flange and support plate, construction steel
S235 properties are used; for bolts, nuts and washers
a quality of 10.9 with a yield strength of 900 N/mm?
is assumed. The beam and the flange are connected
together using a tie connection property. The flange is
connected to the support plate by the prestressed bolts.
Flange - support plate, support plate — washer and
washer — nut contacts are simulated using frictional
contacts with a coefficient of friction of 0.2. Bolt —
nut and bolt — support plate connections are simulated
as tie connections. In the first step of the analysis the
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Fig. 4. Finite element model: a) parts, and b) mesh
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prestress is applied to each bolt using the bolt load
property. The value of the prestress is defined in such
a way that prevents sliding between the connected
surfaces, in this case 32 kN. In the second step, a
10 kN load is applied to the end of the beam in the
vertical direction. The result of the analysis gives
the additional load at each bolt. Since the bolted
connection is a connection of two elastic elements the
total operating force on the connection is divided into
two parts. The first is the additional load on the bolt
and the second is the relief of the flange. The value of
each part depends on the ratio of the bolt and flange
elasticity and a load application factor (see Fig. 5).

FA
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Fig. 5. Diagram of prestressed bolt joint (F',, operating force,
F g additional bolt load, F . relief of the flange, F'ror total or
maximum bolt load, AL g bolt deformation at prestress state, AL
flange deformation at prestress state)

Assuming that the operating load is applied
directly to the bolt head or nut, which means that the
load application factor is 1, the total operating force
can be calculated from the additional bolt load using
the following equation [15]:

Oz +0,
5,

where F 3 is the additional bolt load, d bolt elasticity
and oy flange elasticity. Bolt and flange elasticity can
be calculated using Egs. (10) to (11) [15].

8y =.8,+8,+3,+5,+8, =
i=l

Fo=Fp- 9

:Lii+i+i+M
E, 54 A A

B i=l

) (10)

d

21n d,+d,)-d, +w-I -tanp—d,)
S (d,—d,)-(d,+w-I -tanp+d,)

= , (11
g w-E.-m-d, tang (1n

0; [mm/N] Elasticity of those parts of the bolt with
a constant cross-section 4;

or [mm/N] Elasticity of the threaded part of the bolt

oy [mm/N] Elasticity of the co-operating part of the
bolt screwed into the nut

oy [mm/N] Elasticity of the co-operating part of the

bolt head

Joy [mm/N] Elasticity of the co-operating part of the
nut

Ep [MPa] Young‘s modulus of the bolt

[;  [mm] Length of those parts of the bolt with a
constant cross-section 4;

/7 [mm] Length of the threaded part of the bolt
between the bolt head and the nut

Iy [mm]  Length of the co-operating part of the
bolt screwed into the nut

Iy [mm]  Length of the co-operating part of the
bolt head

Iy [mm] Length of the co-operating part of the
nut

Ar [mm2?] Supporting cross-section of the thread

A;  [mm2] Size of the bolt thread core screwed into
the nut

Ay [mm2]  Nominal cross-section of the bolt

d, [mm] Diameter of the bolt resting on the
surface of the flange

d, [mm] Diameter of the hole

w [/] Factor of the bolted connection type
(here w=2)

[, [mm]  Thickness of the flange

o [°] Angle of the pressure cone under the
bolt head

Er [MPa] Young‘s modulus of the flange material

In order to facilitate the comparison of the results
of FEM analyses with analytical methods, the results
of the additional bolt load obtained by FEM analyses
are converted into the operational force using Eq.
(9) taking into account the elasticity of the bolts and
flanges from Table 1.

Table 1. Bolts and flanges elasticity

Thickness of the flange /;, [mm] 12 20
55 [mm/N] 15243106 8.747910-8
O [mm/N] 1.7675-10-6 1.2353-10-7
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2.2 Finite Element Results

Finite element analyses of four combinations of beam
shape and flange thickness were carried out. The
results show that both parameters (beam shape and
flange thickness) have an influence on the distribution
of the operational force across the bolts.

This then means they also influence the location
of the neutral axis that divides the tension and
compression parts of the contact area between the
beam and the flange. Theoretically the neutral axis
is located at the centre of mass of the beam cross
section, but this is only true when the flange on which
the beam is connected to is rigid. In reality the neutral
axis is moved towards the compression region due to
differences in bending stiffness of the flange in regions
of tension and compression (see Fig. 6a). The analyses
also show that for an appropriate clamping force (i.e.
the clamping force is sufficient to prevent slippage
but not so high as to prevent plastic deformation of
the bolts) there is no gap between the flange and the
support plate around the bolts despite the application
of the operating force (see Figs. 6b and c). Therefore
only bolts in the tension region can be additionally
loaded. From the deformation of the flange (see Figs.
6b and c) it is obvious that the bending stiffness of
the flange is much smaller than the tensional stiffness
of the bolts which is the main reason why the total
operational force is distributed only across the bolts in
the tension region. As said before, a linear distribution
of the operational force across the bolts would only
be possible if a very stiff flange were used. Because

of relatively large deformations of the flange (see Fig.
6b) the actual load on the affected bolts is not purely
tensional but a combination of tension and bending.
Therefore the distribution of the axial stress in the
bolt cross-section is not symmetrical which is clearly
visible in Fig. 7.

3 RESULTS AND DISCUSION

The four existing analytical methods [5] to [8]
presented in the introduction are compared to both the
method presented in this paper and the FE analyses
described in the previous section. The methods have
been applied to four samples wherein the thickness of
the flange and the shape of the beam are the changing
parameters. The thickness of the flange is either
12 mm or 20 mm and either an IPE 120-beam or a
custom T-beam is used. The dimensions of the flange,
bolt positions and beam dimensions are shown in Fig.
8. The point of application of the vertical force is the
same for all cases (400 mm from the support plate).
To fix the beam to the support plate, specialised M16
bolts are used.

3.1 Comparison of Results

The results for each analytical method together with
the FE analysis are shown in Table 2 and Fig. 9. Since
the first method [5] is intended solely for flange joints
of [-beams, the data for T-beam joints are not presented
in the table. The results deviate quite a lot from each
other. If the FE analysis is considered as a reference, it

end of tension region

mass center of grav&

S, 533
(Avg: 100%) e —

local flange deformation

Fig. 6. Finite element analysis results for I-beam welded to the flange with a thickness of 12 mm:
a) stresses in a normal direction to the joint surface, b) deformation of the flange in a normal direction to the joint surface,
c) deformation of the flange and bolts in a normal direction to the joint surfaces
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S, 833

(Avg: 100%)
463.029
424,443
385.858
347.272
308.686
270.100
231.515
192,929
154.343

Fig. 7. Calculated stresses in a 2nd line bolt axial direction after a
10 kN load is applied to the end of the beam (Fp = 11163.5 N,

Fy3=6059N, S, =343.1MPa)

is obvious that the bolts in the 2nd line are subjected to
the largest total operating force and not bolts in the 1st
line as suggested by all four previous methods. This
is clearly shown in Fig. 9 where the previous methods
show deviations from the FE prediction for the second
line of bolts, in some cases by over 100 %. However
the new method presented here correctly identifies
those bolts subjected to the highest loads. For the
second line of bolts, only this method gives similar
results to the FE analysis. Very similar experimental
and finite element results were also gained by other
researchers dealing with the pretensioned bolted end-
plate connections [9], [13], [16] to [21]

‘ N

“/G_ _._._._‘._._;'egy

120
5

175

220

Based on the results it can be concluded that
the analytical method presented in this paper is the
most accurate. Nevertheless these results do deviate
slightly from the FE analysis but these deviations
are acceptable. In particular, it is very difficult to
determine how much the bolts in the compressional
region are relieved. Since our method assumes that
bolts in the compressional region stay at the clamping
level even when an additional load is applied, there are
some larger deviations compared to the results of FE
analysis. Since all the bolts are usually dimensioned
based on the one that is loaded the most and the most
loaded bolt is always in the tensional region, this
deviation does not have any critical meaning as far as
safety is concern.

4 EXPERIMENTS

In order to verify the results of the FE Analyses and
the proposed analytical method, measurements of
the actual forces in the bolts of bolted connections of
end-plate cantilever beams were made. Measurements
were performed on an IPE 120 beam welded to flanges
of different thickness on each end (see Fig. 10). The
flanged beam was connected to the support plate using
eight pre-tensioned bolts with a clamping force of 32
kN + 200 N. After pre-tensioning, an outside load of
10 kN was applied to the beam in a vertical direction.

64

ORI S

6.3
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O | O
O
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Fig. 8. Dimensions of the flanges and beams
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Table 2. Comparison of the calculated operational force on bolts by different methods

Operational force [N]

Calculation method

on bolts at: Krzie Hamrock Matek Aghayere Oman FEM Analysis
) 1stline 8795.1 6056.0 10226.5 7567.5 7670.4 8922.1
I‘}E:g’;'s I 2nd ling 87951 42162 5920.6 4650.3 10867.1 111635
flange thickness = 12 mm 3 line 87951 25297 19735 1976.2 0.0 615
4t line -8795.1 689.9 -2332.4 -940.9 0.0 -24.6
) 1stline 8795.1 6056.0 10226.5 7567.5 7512.2 8761.2
ﬁg:gni's Z 21 ling 87951 42162 5920.6 4650.3 10643.0 10825.9
flange t’hickness —20mm 3rd line -8795.1 2529.7 1973.5 1976.2 0.0 —-1556.6
4t line -8795.1 689.9 -2332.4 -940.9 0.0 -973.3
) 1stline NA 6056.0 10226.5 7567.5 6535.9 7196.7
#_”bae'ﬁf 3 21 ling NA 42162 5920.6 4650.3 8982.4 8974.3
flange trllickness —12mm 3rd fine NA 2529.7 1973.5 1976.2 0.0 212.6
4th line NA 689.9 -2332.4 -940.9 0.0 279.9
) 1st line NA 6056.0 10226.5 7387.7 6401.1 6735.3
#”bae'ﬁf 4 21 line NA 42162 5920.6 46153 8797.2 8134.1
flange thickness = 20 mm 31 line NA 2520.7 19735 2073.9 0.0 847.1
4th line NA 689.9 -2332.4 —698.6 0.0 —677.4
15 9 W Krzig 15 7 W Krzig
a) W Hamrock b) W Hamrock
B Matek B Matek
10 W Aghayere 10 1 m Aghayere
= Oman 1 Oman
W FEM Analysis W FEM Analysis
5 - 5 -
z z
I 4Miine  W° 4" line
1" line 2" line 3" line 1™ line 2" line 3% line
5 5
-10 4 -10 -
12 A 12 -
c) d)
W Hamrock M Hamrock
107 M Matek 101 M Matek
5 - W Aghayere s - W Aghayere
Oman Oman

2" line

W FEM Analysis

3" line

4

1™ line

2" line

39line

M FEM Analysis

Fig. 9. Comparison of calculated operational force on bolts by different methods: a) I-beam with flange thickness of 12 mm,
b) I-beam with flange thickness of 20 mm, ¢) T-beam with flange thickness of 12 mm, d) T-beam with flange thickness of 20 mm

624

Oman, S. - Nagode, M.



StrojniSki vestnik - Journal of Mechanical Engineering 63(2017)11, 617-627

The load was applied in the centre of the beam
flange, 400 mm from the support plate. A difference
in force (the additional force) in each bolt before and
after application of an outside vertical force was thus
obtained.

and loading equipment

5.1 Measuring Equipment

Specially designed bolts equipped with strain
gauges (see Fig. 11b) were used to measure the axial
forces in the bolts. Strain gauges were connected
in a half Wheatstone bridge circuit (see Fig. 1la)
in order to compensate for bending loads [22] and
[23]. Temperature was not compensated for since
it was assumed that temperature does not change
significantly over the duration of the measurement
(the measurement lasts a few seconds). A National
Instruments PXI-1033 amplifier equipped with
NI PXI-4220 cards was used to perform the

"‘ﬁ-’ﬁ“—q LA

Fig. 11. Bolt equipped with strain gauges: a) strain gauge
connection, b) specially designed bolt

measurements. It was controlled with a specially
made application in Lab View that allows on-line
monitoring and data acquisition.

Measuring sensors were calibrated over a range
of 0 kN to 35 kN using a Schenk reference device.
Based on the hysteresis loop of the calibration, the
accuracy of the sensors and accumulated errors during
a measurement were determined [24]. The accuracy is
estimated as 1 % of the measuring range.

The vertical force on the beam was applied using
a hydraulic valve. To measure the exact force, a load
cell was installed between the hydraulic valve and the
beam.

4.2 Experimental Results

Whilst reproducibility is poor, the overall result is
very similar to the FE analysis. The additional load is
mostly transferred to the bolts in the second line and
a little less to the bolts in first line (see Fig. 12), while
the force in the bolts in the third and fourth lines stays
almost on the level of the clamping force.

During the measurements an interesting
phenomenon was observed. When the additional
force is applied to the beam for the first time (after
pre-tensioning), the measurements of additional
forces in bolts are significantly lower compared to
those measurements taken when the additional force
is applied for the second or more times (see Fig 12).
This shows that the system somehow depresses when
the force is applied for the first time and is afterwards
stable.

Several conclusions have been drawn as to why
the experimental results do not coincide completely
with the results of FE analysis and are only poorly
reproducible. Firstly, the estimated sensor accuracy
is 1 % of its measuring range, the range here being
approximately 35 kN. On the other hand, the maximum
expected additional load of the bolt is around 450 N.
Since the measured force is only slightly bigger than
the estimated accuracy of 350 N, the measured values
of the force are likely to have significant errors.
Secondly, FE analysis shows that the additional load
of the bolts is not purely tensional but a combination
of tension and bending with a ratio of around 1:1.
In principle this should not be a problem since the
sensors were made to compensate for bending. This
compensation is correct if the strain gauges are
positioned ideally on the measuring sensor. However,
it is not possible to place them in the ideal position,
which means the sensors are somewhat sensitive to
the bending. This can be shown by applying 5 Nm
(i.e. the maximum expected value) of bending

Bolted Connection of an End-Plate Cantilever Beam:The Distribution of Operating Force 625



Strojniki vestnik - Journal of Mechanical Engineering 63(2017)11, 617-627

32.7
- — 1%tline
. F,=11055N
32.6 o --2"line
5] - ---3%line
' Z‘ ...... 4" line
— 32414
= o
é‘ : l, ———————
o 323 11 ] )
[&] . [}
8 K : '
5 32211 : 1
5 z H :
3 32143 ]
= W :
3204 = \ _
LY operational force '\\ operational force
31.9 - released released
v -..‘:J--"’.'
31.8 1 % ~-oT Poupa operational force added 2™ time|
31.7 T T T T T T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
Time [s]
Fig. 12. Results of measured force on bolts during additional loading for flange thickness of 12 mm
(measured force is an average of two bolts on each line)
moment on the sensors. When the bending moment is . the value of the clamping force is sufficient

applied in a plane that crosses the strain gauge centre
mark, the sensor registers 5 N and 80 N when applied
perpendicular to the plane that crosses the strain
gauges centre mark. Although the bolts were oriented
to reduce the influence of bending moment on axial
force measurements, this does contribute to errors.
Based on the results and these facts it was concluded
that experimental results are not very reliable and
were therefore not used for a direct comparison with
FE analyses and analytical methods. However, the
results of the measurements are sufficiently accurate
to determine which bolts take the largest share of the
additional load, namely those bolts in the second line
(see Fig. 12).

5 CONCLUSIONS

It turns out that previous methods dealing with
specific prestressed bolt connections are not very
accurate when calculating the operational force
distribution across the bolts in the joint. Since the
operational force influences the value of the sealing
force and consequently the allowable tangential force
at which no sliding appears in the contact, knowing
the exact values of the operational forces on each
bolt is very important. Therefore a new method for
calculating the operating force across individual bolts
for bolted connections of an end-plate cantilever beam
is presented. The method is based on the following
assumptions:
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to prevent the formation of a gap between the

connected surfaces around the bolts despite the

action of the outside load,

*  the bending stiffness of the flange is much lower
than the axial stiffness of the bolts,

» the bending stiffness of the support plate is much
higher than the bending stiffness of the flange.

If standards [4] and recommendations [3]
for designing such joints are followed, all these
assumptions are justified. Previous methods and the
new method have been compared with FE analyses
of such joints and the new method gives much more
favourable results. Variations between the results of the
FE analysis and the new method are due to numerous
parameters e.g. bolt location, bolt dimension, bolt
pre-tension, support plate stiffness, and geometrical
ratios all of which have some influence on the actual
operating force distribution but are not considered in
the method as yet. Such parameters have an impact
on the position of the neutral axis of the beam which
separates the regions where tension and compression
stresses appear. The neutral axis is shifted from its
theoretical position because the bending stiffness
of the flange is not the same in the tension and
compression regions. This is due to complete support
of the flange by the support plate in the compression
region and only spotted supports by those bolts in the
tension region. Deformation of the flange between the
bolts is therefore allowed and is clearly visible in Fig.
6. As mentioned above this effect is not considered in

Oman, S. - Nagode, M.
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the new method to date although it should be noted
that the effects on the results would only be minor.

The study also showed that bolts in the
compression region do not affect the distribution of
the operating force or additional force across the bolts
in the tension region, because the operating force in
the compression region is not transferred to the bolts
but directly to the support plate. Therefore it can be
assumed that bolts in the compression region remain
at the level of the initial prestressing. In reality, these
bolts are slightly relieved so consequently the sealing
force on these bolts is actually slightly increased. In
terms of movement between the connected surfaces
the calculation gives conservative results if this
assumption is considered.
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