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ABSTRACT

For up-to-date bolted joints, first of all in vehicles, high strength bolts of 10.9 or even 12.9 are used, which are
preloaded up to 90% or even 100% of the yield strength. The primary aim of this high degree utilization is the
weight reduction. For the analytic dimensioning of bolted joints, the VDI 2230 Richtlinien German standard [1]
provides support. However, the analytic model can mostly consider the true structural characteristics only in a
limited way. The analytic modeling is especially uncertain in case of multiple bolted joints when the load distri-
bution among the bolts depends reasonably upon the elastic deformation of the participating elements in the
joints over the geometry of the bolted joint. The first part of this paper deals with the problems of humerical
modeling and stress analysis, respectively specifying the analytic dimensioning procedure by applying elastic or
rather elastic-plastic material law. The error magnitude in bolted joint calculation was examined in case of omit-
ting the existing threaded connection—between the bolt and the nut—in order to simplify the model. The second
part of the paper deals with the dimensioning of stands and cantilevers’ multi-bolt fixing problems, first of all,
with the load distribution among the bolts keeping in view the analysis of the local slipping relations. For de-
monstrating the above technique, an elaborated numeric procedure is presented for a four-bolted cantilever,
having bolted joints pre-tightened to the yield strength.
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1. Introduction 1

In the second part of this paper, the contact and slip be-
haviors were examined in a cantilever fixed by 4 pieces

M20 bolted joints pre-tightened up to the yield strength 2
of the 12.9 bolt material. The design of the studied canti-
lever is shown in Figure 1.
The outer loads are acting on the cantilever of a brake
application:
F|eﬂ =48 kN, (1)
Fright =1KkN. (2)
The material characteristics used in the analysis are
summarized in Table 1.
B s 4

2. The Finite Element Model
Figure 1. The studied cantilever, having 4 holes specified by
The Finite Element Model of the frame, the cantilever numbers and the loadings.
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and the bolted joints are shown in Figure 2.
Main characteristics of the FE model:

e Applied type of element: tetra 10;

e Average element size: 7 mm;
Average element size on the contacting surface: 3
mm;

e Average element size under the bolt head up to 40

Table 1. The material characteristics used during the anal-
ysis of the brake cantilever bolted joints.

No. Denomination Marks  Unit Data
1 Bolt dimension M20
2 Material of the bolt (and nut) 12.9
3 Minimum yield strength Reo2 MPa 1100
4 Modulus of elasticity E MPa 200,000
5 Poisson’s ratio v - 0.3
6 Material of the cantilever GGG 50
7 Minimum yield strength t Reo,2 MPa 320
8 Modulus of elasticity E; MPa 169,000
9 Poisson’s ratio v - 0.275

10 Material of the frame structure Carbon steel

11 Minimum yield strength Rpo2 MPa 250
12 Modulus of elasticity E, MPa 200,000
13 Poisson’s ratio v - 0.3

mm diameter: 3 mm;

Average element size in the whole bolt: 3 mm;
Number of elements: 186,041;

Number of nodes: 291,454;

Number of the degree of freedom: 872,730.

The applied boundary and loading conditionings are
shown in Figure 3. As a boundary condition, the cut
plane of the frame structure is fixed. This is noted by
green arrows in the figure. The loading is applied
through the two holes of the front part. This is noted by
magenta color arrows in the figure.

The bolts are cut in the middle of the length and the
distance between the two bolt parts is 0.1 mm. This mo-
del makes possible to set the bolt pre-tightening along
these two surfaces obtained.

Contact conditions were defined between the contact-
ing elements: cantilever and frame structure, under the
bolt head and under the nut (Figures 4 and 5), where the
principally defined friction coefficient value is x = 0.12
between the surfaces.

During the evaluation of results the loads get queried
in the allocation places and surfaces shown in Figure 5.
The reference for the loads is completed with the addi-
tional marks denoting the bolt number.

The displacements query and definition agree with the
followings:

o Total displacement: on the sectioned (cut) bolt halves
(in the query place of F¢; and F¢,) the sum of the pre-
scribed displacements;

e Compression of the encircled elements: the sum of

5

¥

Figure 2. FE model of the frame, the cantilever and the bolted joint.
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Figure 3. The applied boundary conditions (green) and loa-
ding conditions (magenta).

Figure 4. Contact surfaces.

the displacement in the query place of F, and Fy
forces (loads). The displacement of the bolt head and
nut planes are identical to the displacements of the
plates;

e Elongation of the bolt: the difference of the total dis-
placement and the compression of the encircled ele-
ments.

3. The Algorithm to Study the
Pre-Tightening and Loosening Behaviour

The elaborated calculation model should equally handle
the description of the resulted force and deformation
state changes for pre-tightened bolted joint on one hand
and the outside loosening force (operation loading) effect
on the other hand. Respectively the elaborated algorithm
consists of the following steps:

1) The pre-tightening forces act on the opposite sides
of the cut bolt—having simplified geometry—sections.
(The cut part is 0.1 mm thick. However there will be no
defined contacting between the two surfaces in case of
bigger elongation then 0.1 mm. They remain hencefor-

OPEN ACCESS

Figure 5. The query places of the forces during the evalua-
tion of the results. F,—the force between the cantilever and
the bolt head; F,—contact force between the frame struc-
ture and the nut; F,—the reaction force on the section of
the bolt from the cantilever side; F.,—the reaction force on
the section of the bolt from the frame structure side.
Fs—force between the contact surfaces of the cantilever and
the frame structure, around the bolt locations.

ward separate elements in the model). The cut surfaces
displace for the effect of pre-tightening force and these
displacements can be queried.

2) The bolted joint pre-tightened by force is not suita-
ble to handle the outside loosening force because in this
model the force value remains constant. Therefore the
pre-tightening should be achieved by determined displa-
cements (like prescribed displacement-loading), as de-
scribed in the previous paragraph. These two kinds of
pre-tightening are identical both in the behavior of force
theorem and deformation.

3) The model applying bolt tightening by prescribed
displacement is capable to consider the outer loading
forces but it is not capable to follow the whole deforma-
tion of the structure. So on the cut surfaces of the bolt-
parts the developed force values are not equal. This is not
a correct behavior according to the force equilibrium
condition. Therefore such a solution is required which is
capable to follow the deformation of the whole structure
and hereby to make certain that the forces will have
equal values on the “section surfaces” of the cut-bolt
parts in deformed state.

The essence of this procedure is: the deformations due
to outside loading can be calculated on a glued model,
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having no bolts (the cantilever and the frame structure is
glued along the contacting surfaces, marked in Figure 4).

4) The determined displacement values—identical in
the bolt axis direction—of the glued model should be
superposed on the displacement values according to point
b). That is the displacement characterizing the bolt pre-
tightening is added to the displacement values of the
whole structure. It is noted that this model works proper-
ly only in such a loading range where the contacting sur-
faces do not start opening due to the outer loosening ef-
fect. In case when the contacting surfaces partly separate
then the displacement calculated by glued model can be
considered only as an approximate value. In such cases
to restore the balance of the two forces—acting on the
“cut surfaces”—needs iteration calculations with which
the opened contact range is determined.

Symbolic representation of the applied algorithm is il-
lustrated in Figure 6.

4. Pre-Tightening of the Bolts

The bolts are pre-tightened by the minimum pre-tigh-
tening force (Fymin) giving the most unfavorable result

X

"

Y

Displacements from the
glued model

Displacements from the
pre-tightened model

regarding the slipping aspect (see in Section 7). This
pre-tightening force is 145 kN [2]. The pre-tightening
force is applied in the section surface of the bolt cut in
the middle of the bolt shank (see Figure 5, forces F¢; and
Fcz)-

The displacements of the bolts calculated from the pre-
tightening are shown in Figure 7. The resultant displa-
cements are shown in Figure 7(a) and the displacements
in z direction are shown in Figure 7(b).

In Figure 8, the bolts are “removed” from the struc-
ture and the displacement fields only for the bolts are
demonstrated separately.

The formed contact pressure between the cantilever
and the frame structure is an important result of the cal-
culations. The contact pressure distribution between the
two parts (presented “open” similarly like a book) is
shown in Figure 9. It can be seen from the figure that
getting away from the holes the contact pressure is re-
ducing. Furthermore it can be observed that the contact
pressure is more reasonably uneven on the lower contact
surface then on the upper surface. This phenomenon is
resulted by the different geometry of the two surfaces.

Superposition of the two
previous states

it

Figure 6. Symbolic representation of the calculation algorithm.

@
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URES (mm) UZ (mm)
1000e-001 5.000e-002
'91676-002 l 4.167e-002
-8.333e-002 - 3.333¢-002
-7.500e-002 - 2.500e-002
6.667¢-002 - 1.667e-002
5.833¢-002 8.333¢-003
5.000-002 3.725¢-009
4.167e-002 -8.333¢-003
3.333e-002 -1.667¢-002
-2.500e-002 - -2.500e-002
1.667e-002 -3.333e-002
I8.333e-003 Z" I -4.167¢-002
0.000e+000 Y -5.000e-002

Figure 7. Displacement fields after pre-tightening: (a) Resultant displacement—maximum value of the scale is: 0.1 mm; (b) z
direction displacement—maximum value of the scale is £ 0.05 mm.
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URES (mm) UZ (mm)
1000e-001 1.000e-001
9.167¢-002 I 8.333¢-002

8.333e-002

6.667e-002

- 7.500e-002 - 5.000e-002
- 6.667¢-002 - 3.333e-002
5.833e-002 1.667¢-002
5.000e-002 7.451e-009
4.167e-002 -1.667¢-002
3.333e-002 -3.333e-002
2.500e-002 -5.000e-002

1.667¢-002 -6.667¢-002
X X
p ’l 8.333e-003 7 ,l -8.333¢-002
v 0.000e+000 v -1.000e-001
(@) (b)

Figure 8. The displacement fields after the pre-tightening of bolts: (a) Resultant displacement—maximum scale value: 0.1
mm; (b) z direction displacement—maximum scale value: + 0.1 mm.

SZ (N/mm”2 (Mpa))

-5.0
l -12.9
-20.8

- -288
- -36.7
-44.6
-52.5
-60.4
-68.3
- -76.3
-84.2

-92.1 . ‘-I

-100.0

<

Figure 9. Contact pressure formed on the surfaces of cantilever and the frame structure. The upper and lower limit of scale:
—100 - -5 MPa.

Proceeding towards the outer periphery the contact pres- deformation (elongation) (11), the compression of the
sure reduces. encircled elements (12) and also the forces (Fq) on the

The characteristics of pre-tightening by force case contact surfaces (see Figure 5) were separately collected
calculations are summarized in Table 2. The bolt elastic for all 4 bolts. The average of total displacements calcu-
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lated by FE model is 0.321 mm. The analytic value cal-
culated is 0.350 mm. The 9% difference between the two
calculations can be reasoned at first: the 0.35 mm value
relates to the so called threaded model while the other
value belongs to the so called glued bolted model. The
other reason of this 9% difference is caused by some
differences in the encircled elements geometry of the two
models.

Regarding the forces it can be seen that—as it was ex-
pected—the force values are about equal in all places of

query.
5. Bolt Pre-Tightening by Prescribed
Displacement

As it was mentioned earlier the bolted joint pre-tigh-
tened by force is not capable to handle the outer loadings.

51

Therefore the fixing bolts of the brake supporting canti-
lever must be pre-tightened by displacement-loading. In
the second loading case the displacement-loadings will
be the bolt prescribed elongations—applied in the model
in the bolt cut section—decided in the previous section.
The mechanical characteristics calculated by the dis-
placement-loading will be identical to the mechanical
characteristics calculated by force loading. The calcu-
lated values by displacement loading are summarized in
Table 3.

6. Cantilever Outer Loading

The forces acting on the cantilever are shown in Figure 1

and the magnitude of the loadings is given in Section 1.
The calculated displacements are shown in Figure 10.

The resultant displacements are shown in Figure 10(a),

Table 2. Mechanical characteristics in case of pre-tightening.

Loading Bolt No. Bolt elongation  Plate compression  Total 4
condition location 21 [um] 72 [um] [um] FalkN] - Fo [kN]  Fer [kN] Feo [kN] Fg [kN] Pmax [MPa]
1 246.7 715 318.2 14471 14471 14471 14471 144.67
Pre-tightening 2 246.6 71.9 318.6 14471 14471 14471 14471 14531 195.70
by force 3 246.5 76.9 3233 14471 14471 14471 14471 14453
4 246.7 77.0 323.7 14471 14471 14471 14471 14433

Table 3. Mechanical characteristics in cases of pre-tightening by force and prescribed deformation.

Loading Bolt No. Bolt elongation Plate compression

condition location 21 [um] 42 [um] Total 27 [um] Fa[kN] Fp[KN] Fea [KN] Fe [kKN] Fq [kN] Pmax [MPa]
1 246.7 71.5 318.2 14470 14473 14470 14473 144.68
Pre-tightening by 2 246.6 71.9 318.6 14469 14472 14469 14472 14529
described 195.40
displacement 3 246.5 76.8 323.3 14474 14467 14474 14467 14553
4 246.6 77.1 323.7 14469 144,92 144.69 14492 144.48
URES (mm) UZ (mm)
5.000e-001 1.000e-001
I 4.583e-001 '8.3336-002
. 4.167e-001 - 6.667e-002
. 3.750e-001 -5.000e-002
~ 3.333e-001 - 3.333e-002
2.917e-001 1.667¢-002
2.500e-001 7.451e-009
2.083e-001 -1.667e-002
1.667e-001 -3.333¢-002
- 1.250e-001 --5.000e-002
8.333e-002 -6.667¢-002
X I 4.167e-002 I-8'333e-002
9 0.000e+000 1.000e-001

@

(b)

Figure 10. Displacement fields effected by outer loading: (a) Resultant displacement—maximum value of the scale 0.5 mm; (b)
z direction displacement—the maximum/minimum value of scale £ 0.1 mm. Scale of deformation 100:1.

OPEN ACCESS

MME



52 L. MOLNAR ET AL.

while the displacements along z direction are shown in
Figure 10(b).

The contact pressure distribution between the canti-
lever and the frame structure is shown in Figure 11. The
tendency of the contact pressure distribution is similar to
Figure 9, but differences can be illustrated by the
changes in the bolt forces (see below).

The Figure 12 shows the resultant forces on the sur-
faces of cantilever and frame structure around each bolt.
The number of bolts is shown in the horizontal axis and
the normal forces are shown in the vertical axis. The in-
terpretation of Fy force agree with Figure 5 and the
number of bolts corresponds to Figure 1. The blue col-
umns indicate the normal contact forces for the pre-
tightened bolts, having displacement loading. The con-
tact forces originated from pre-tightening can be consi-
dered equal with good approximation. The light brown
columns show the contact forces resulted by the effect of
outer loading. It can be seen that the contact forces are
reduced under the upper two bolts (location number 1
and 2) while the contact forces are increased under the
lower two bolts (location number 3 and 4).

Figure 13 shows the forces developed in the bolt
shank. The forces were queried at the cut surfaces. The
interpretation of forces F¢; and F, are according to
Figure 5. It is obvious that in all calculations F¢; = Fe,
equality should exists. The separate querying of forces

e

Z (N/mm”2 (Mpa

-5.0
I -12.9
- -20.8

- -28.8
- -36.7
-44.6
-52.5
-60.4
-68.3
- -76.3

-84.2
-92.1 x
-100.0 ‘3

F., and F¢, and their comparing are a kind of checking
for the accuracy of the model.

The forces F.; and F., developed on the cut surface
sections of bolts—pre-tightened by displacement-load-
ings—are presented by light and dark blue columns. The
red columns show the forces developed in the bolt shanks
due to the outer loadings. It is an important result of the
calculation that the forces in the bolt shanks practically
not changed by the effect of the outer loading. The bolted
joint design corresponds to the so called inside loosening
case.

The acting outer forces on the cantilever (Figure 1)
are in balance with the tangential forces—acting in the
contact plane—originated from friction. At x = 0.12 the
studied structure is capable to take the following tangen-

tial load without overall slipping:
T =(Fy +Fp +Fys +Foa ) @)
=(118+131+172+156)-0.12 = 69.5 kN

If the friction forces provided by the bolt forces are not
enough to hinder the slipping of the cantilever then the
finite element calculations stop due to numerical instabil-
ity problems.

7. Examination of the Cantilever Slipping

For the effect of tangential forces—developed on the

Figure 11. Contact pressure developed on the surfaces of the cantilever and the frame structure. The lower and the upper

limits of the scale: =100 - =5 MPa.
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Contact forces developed on the contact surfaces of

the contilever and the frame around the bolt

lokations (Fd) [kN]

M pre-tightening

M outer loading

200

172.4

180

156.5

.
@
S
144.7
145.3

145.5
144.5

Fd [kN]

1 2

3 4

Location number of bolts

Figure 12. Developed normal contact forces during pre-tightening and also for the effect of outer loading.

Force developed in the bolt shank

M pre-tightening Fcl I pre-tightening Fc2

(Fc) [kN] M outer loding Fcl = outer loding Fc2
200
180
%0 3 3 8 2 S 328 S 5 9 9 T
S 339 S 3§ 3 S 33 3 S 3 3 3

Bolt number

Figure 13. The developed forces in each bolt shank during pre-tightening and for the effect of outer loading.

contact surfaces compressed by bolts—the contact sur-
faces are slipping on each other if these forces are ex-
ceeding a certain limit. Along the contact surfaces the
magnitude of slipping are not equal due to the elastic
deformation of the compressed bodies. If sticking or
slipping occurs, it depends upon the magnitude of the
forces and furthermore of the magnitude of the friction
coefficient. For the magnitude of relative tangential dis-
placements of the contacting elements the general re-
quirement is that the displacement value should not ex-
ceed 0.1 mm including the elastic deformations as well.
One possible way to examine the slipping phase is

OPEN ACCESS

“gluing in a spot” between the contacting surfaces
(Figure 14). If the developed tangential force in the
glued spot is bigger than the force which hinders the
slipping then this is the force which hinders the slippage
related to the case without gluing.

For slipping studies the force acting on the cantilever
has been increased for:

F|eﬁ = 80 kN, (4)
Fright = 2kN. 5)

Assuming u = 0.12 friction coefficient—in order to
hinder the cantilever displacement—reasonable magni-
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tude of tangential force is developed (F, = 15.6 kN and
F, = 44.3 kN) on the glued surface element. The friction
coefficient should be increased up to the value of x =
0.25 in order to have the tangential force on the glued
surface smaller then the sticking force, that is the canti-
lever should not slide over the frame structure.

There is another method for defining the “no-pene-
tration” connection in the surfaces between the bolt
shank and the holes. So in case of small friction coeffi-
cient—followed by a given magnitude slipping of the
cantilever—the hole will get contacted on the bolt shank
and the FEM examination will be stable numerically,
because of the limited slipping.

Having the model prepared so the calculated values
are shown in Figure 15.

It can be seen well in the figure that the brake sup-
porting cantilever has slipped compared to the frame
structure and the magnitude of the displacement is bigger
then 0.1 mm. Furthermore it can be seen that followed by

the slipping (assuming 0.5 mm gap between the hole and
the bolt shank) the cantilever get contacted on the sur-
faces of the bolts (location number 1 and 3) and these
bolts suffer shear loading.

In Figure 16, y direction displacement field was pre-
sented too and the scale of displacement was limited at +
0.5 mm. The 0.5 mm corresponds to the gap between the
bolt shank and the hole. So it can be seen the cantilever
slipping and also the contacting of the bolt shank on the
inner hole surface.

With the condition of constant cantilever loading the
value of friction coefficient was gradually increased from
1 =0.12 up to « = 0.23. The calculation was numerically
not sable all along a lower friction coefficient range and
1 = 0.23 was the first value providing appropriate result.
Increasing the friction coefficient further the overall dis-
placement magnitude of cantilever was reduced propor-
tionally. In the surroundings of bolts the displacements of
the cantilever in the function of the friction coefficient

Glued
surfaces

X
¥

Figure 14. In order to prove the cantilever slipping the cantilever and the frame structure were glued in a spot.

I9.833e-002
: 19.667-002
: 9.500¢-002
9.333¢-002
E 9.167e-002
9.000e-002
8.833¢-002
8.667e-002
8.500e-002
8.333¢-002
8.167¢-002
" 8.000e-002

UY (mm)
1.000e-001

Figure 15. Displacement field in y direction. The lower and upper limit of the scale: 0.08 - 0.1 mm, in order to illustrate the

slipping.
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UY (mm)

l 5.000e-001

4.167e-001

3.333e-001
2.500e-001
1.667e-001
8.333e-002
0.000e+000
-8.833¢-002
-1.667¢-001
-2.500e-001
-3.333e-001
-4.167e-001
-5.000e-001

'

L

Figure 16. Displacement field in y direction. The upper and lower limit of the scale: £ 0.5 mm.

500

450
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350

300
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i
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\ R

50

0
023 024 025

026 027 028
Friction coefficient p [-]

- w2 A 34

029 03 031 032 033

&

0.34 035

Figure 17. Relative displacement of the brake supporting cantilever—compared to the frame structure—in the function of

the friction coefficient.

are shown in Figure 17. As it is shown in the figure the
friction coefficient should be at least « = 0.25 for keeping
the displacements below the required 0.1 mm value to
avoid local slipping.

8. Conclusions

In this paper, a numeric method for multi bolted joint
was introduced where all elements participating in the
joint were modeled as elastic elements. By applying the
introduced method, it is possible to determine more ac-
curately the behavior and loading of all elements partici-
pating in the bolted joint.

The elaborated procedure is capable to consider the bolt
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pre-tightening and the acting outer load on the cantilever
by superposing the displacements prescribed for the bolts.

The slipping of the cantilever can be analyzed in the sim-
plest way by changing the friction coefficient, by which
it is possible to find the critical condition of slipping.
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