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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
pre-tightened 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
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 numerical
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 accurate geometry, loading model and boundary condi-
tions, furthermore by applying elastic or non-linear ma-
terial laws.

In the first part of the study, a finite element model
was created applicable for calculating the pre-tightening
and loosening of bolted joints. By this model, bolted joint
mechanic behaviors were studied in cases of different
geometry and loading conditions. The numeric results
were comparable to the analytic calculations, and useful
conclusions could be drawn relating to certain calculation
models.

The safe operation of industrial equipments is principally
determined by the applied bolted joints which are pre-
tightened up to 90% or even 100% of the material yield
strength. As a consequence, the bolt, the nut and the ele-
ments encircled between (in case washers as well) take
the pre-load (stress) according to the force system equili-
brium. In the joining elements, this force equilibrium
determines the stress and the deformation states mostly
in the elastic but in cases of the plastic range.

The related references introduce the bolted joint ac-
cording to numerous aspects (ex. [1]), or introduce the

bolted joint behavior in a specific way (ex. [2,3]) that is a 2. Studied Bolted Joints

force system in equilibrium and the elastic displacements
in a more or less simplified way. The finite element me-
thod can produce more reliable results by giving more
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In this paper one M20 and one M24 bolted joints were
studied. The geometric model of the bolted joints is
shown in Figure 1. The geometric characteristics of bolt
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Figure 1. Geometric model of the studied bolted joints.

threads are shown in Table 1 [4], while the bolted joint
geometric and mechanic characteristics are summarized
in Table 2.

For M20 and M24 bolts the pre-tightening forces and
the tightening torques were determined for 100% yield
strength condition of the bolts in accordance with the
recommendations of the VDI 2230 Richtlinien [5] (Table
3). In the table, row 8 provides loadings for the calcula-
tion related to the loosening of the loading model, while
row 9 and 10 provide loads for the stress calculation of
the joint.

The behavior of bolted joint used to be analyzed in
force-deformation diagram. With the knowledge of the

Table 1. Geometric data of bolt (and nut) threads.

Bolt dimension

No. Denomination Notation Units
M20 M24
1 Outer diameter of the bolt shank d mm 20 24
2 Mean diameter of the bolt shank d, mm 18.376 22.051
3 Root diameter of the bolt shank ds mm 16.933 20.319
4 Pitch p mm 25 3
5 Profile angle of the thread s 60 60
6 Dimensioning diameter ds mm 17.655 21.185
7 Dimensioning cross section As mm? 245 353
8 Dimensioning polar sectional modulus Ws mm® 1080 1867
9 Lead/slope angle o 2.48 2.48
10 Hole diameter for the bolt dn mm 21 25
11 Outer diameter of the nut contacting surface dw mm 27.7 33.6
12 Mean diameter of the nut contacting surface dk mm 24.35 29.3
Table 2. Geometric and mechanic characteristics of the studied bolted joint.
Bolt dimension
No. Denomination Notation Unit
M20 M24
1 Nominal diameter of the bolt d mm 20 24
2 Cantilever (element No. 1) thickness Ik mm 55 55
3 Cantilever (element No. 1) material GGG 50 GGG 50
4 Elasticity modulus of the cantilever material E; MPa 169,000 169,000
5 Poisson’s ratio of the cantilever material v - 0.275 0.275
6 Thickness of the frame structure (element No. 2) lkz mm 30 30
7 Material of the frame (element No. 2) Carbon steel Carbon steel
8 Elasticity modulus of the frame material E, MPa 200,000 200,000
9 Poisson’s ratio of the frame material v - 0.3 0.3
OPEN ACCESS MME
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geometric and mechanic characteristics of bolted joint’
elements the data for constructing the force-deformation
diagram were determined. Based on the data summarized
in Table 4 the force-deformation diagram is presented in
Figure 2.

3. Finite Element Model of a Bolted Joint

The geometric model used for the numeric analysis is
shown in Figure 3. The hexagonal head of the bolt and
the nut were modeled by cylindrical body. For the con-
nection of the bolt and the nut 6 contacting threads were
considered and 5 more non contacting threads were on
the bolt shank. While modeling the bolt in pre-tightened
state 0.1 mm wide gap was formed in the bolt shank in
the middle of the encircled elements 1 and 2. It was
possible here to pre-tighten the joint by given force or
displacement.

The connection between the bolt and the nut was stu-
died in case of real threaded or simplified bonded con-
nection cases. In case of threaded joint the FE model

resulted large element numbers. In the case of bonded
model (there is a bonded connection between the cylin-
drical surfaces of the bolt and the nut) this solution re-
sults reasonably reduced element numbers because of
ignoring the real frictional contact behaviour.

The mechanical behavior of the highly loaded bolted
joints may be influenced by the possible yielding of the
structural elements included in the joint. Therefore cal-
culations were carried out with linear elastic material law
and with non-linear material law as well.

Table 5 summarizes the reviewed studies published in
this paper. The numbers in the last columns refer to the
paragraph numbers of this paper.

Table 6 summarizes the loading and the mechanical
characteristics of bolted joints examined numerically.

4. Bolted Joint with Linear Material Law—
Threaded Model

In case of M20 bolted joint, the compressed plate is a 65
mm cylindrical body having a 21 mm hole in the mid-

Table 3. Pre-tightening forces and pre-tightening torques.

Bolt dimension

No. Denomination Notation Unit
M20 M24
1 Bolt material 12.9 10.9
2 Hmin - 01 0.08
Coefficient of friction ug = ux
3 Umax - 0.16 0.16
4 Pre-tightening force of the assembly Fum tan kN 223 280
5 Tightening torque Ma Tab Nm 605 754
6 Relation of the max. and min. tightening force onl - 1.7 2.0
7 Error of the torque spanner H % +7 +7
8 Minimum tightening force Fm min 1 kN 145 156
9 Maximum tightening force Fm max1 kN 248 312
10 Maximum tightening torque on the thread Mg max Nm 342 458
11 Maximum tightening torque Ma max Nm 628 763

Table 4. Data for constructing (plotting) the force-deformation diagram.

Bolt dimension

No. Denomination Notation Unit
M20 M24
1 Minimum tightening force Fammint kN 145 156
2 Maximum tightening force Fum max1 kN 248 312
5 Bolt elongation for the Fy min1 pre-tightening force Acs min mm 0.290 0.219
6 Bolt elongation effected by Fy max1 pre-tightening force Acs max mm 0.493  0.439
7 Compression of the encircled elements effected by Fy mini pre-tightening force Ak min mm 0.060 0.045
8 Compression of the encircled elements effected by Fy max1 pre-tightening force Ak max mm 0.103  0.090
OPEN ACCESS MME
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Figure 2. Force-deformation diagrams of the pre-tightened bolted joint studied. (a) M20 bolt’s material: 12.9; (b) M24 bolt’s
material: 10.9.

Table 5. Characteristics of the bolted joints studied.

Bolt dimension

No. Denomination Joint type Material law
M20 M24
1 Bolted joint with nut threaded elastic 4. 4.
2 Bolted joint with nut bonded elastic 5. 5.
3 Bolted joint with nut threaded non-linear 6.

Table 6. Loading data and mechanical characteristics of bolted joints.

Bolt dimension

No. Denomination Notation Unit
M20 M24

1 Pre-tightening force Fum kN 248 312

2 Bolt (and nut) material 12.9 10.9

3 Minimum yield strength Rpo,2 MPa 1100 940

4 Modulus of elasticity E MPa 200,000 200,000
5 Poisson’s ratio v - 0.3 0.3

6 Cantilever material (Figure 3., No. 1) GGG 50 GGG 50
7 Minimum yield strength Rpo.2 MPa 416" 416"

8 Modulus of elasticity E; MPa 169,000 169,000
9 Poisson’s ratio V1 - 0.275 0.275
10 Material of the frame structure (Figure 3., No. 2) Carbon steel Carbon steel
11 Minimum yield strength Rpo,2 MPa 335 335
12 Modulus of elasticity E, MPa 200,000 200,000
13 Poisson’s ratio Vo - 0.3 0.3
14 Material of the washer C45 -

15 Minimum yield strength Rpo,2 MPa 420 -

16 Modulus of elasticity Ea. MPa 200,000 -

17 Poisson’s ratio Va - 0.3 -

“A GGG 50 material behavior is different for tension and for compression. Here the data are given for compression.
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dle and for M24 bolt the compressed plate is a 120 mm
cylindrical body having a 25 mm hole in the middle of
the body. The dimensions, the FE model for its quarter,
the loading and the boundary conditions are shown in
Table 4 for M20 bolted joint.

Main characteristics of the finite element model are:
o type of the applied element: tetra 10;

average element size: 2 mm;

average element size in the threaded

connection: 0.4 mm;
e average element size in the plate-bolt

connection: 0.7 mm;
o number of elements: 193,009;
o number of nodes: 288,660.

The bolts are pre-tightened up to the yield strength,
consequently the loading of the quarter model is 64 kN,
which force applied on the bolt model upward and down-
wards on the surfaces (Figure 4(c)) provided by the se-
paration gap.

The coefficient of friction on the threads is « = 0.1. It
should be noted that the shearing loading resulted by the
tightening torque of the nut is not considered by the
model.

Utilizing the symmetric characteristics of the model
the displacements of side surfaces—perpendicular to the

o le

0.1

e

Figure 3. Geometric model of the bolted joint.

(@

surface—must be prevented. This is ensured by fixing
the edge of the plate bigger diameter of the model (in
spatial position, see in Figure 4(c)). The contact surfaces
have everywhere Node-to-surface type contact. Due to
the quarter symmetry assumed, the slope angle of the
threaded connections was ignored.

The z direction displacement field is shown in Figure
5. The sum of the bolt elongation and the compression of
the encircled elements can be red directly from the fig-
ure:

Jes + A =0.2557 —(~0.3359) = 0.5916 mm 1)

The elastic deformations were determined by the dis-
placement averages of the nodes on surfaces 1 and 2 and
on surfaces 3 and 4 (Figure 5).

In Figure 6, the von Mieses equivalent stresses were
presented in such a way that the upper limit of scale is
maximized in 1100 MPa. In this way those fields can be
seen well where the stress is near or even over of the
yield strength in the bolt and in the nut. The right side
figure shows the nut and the surroundings of the bolt
head enlarged. The stress concentration of the threads
and the head-shank transition can be seen in the figure.

When the stress image is cut off by the yield strength
of the washer (420 MPa) those zones can be seen by red,
where the washer is already in the elastic-plastic zone
(Figure 7). The washer reaches the yield strength in the
whole volume under the nut. At this stress level both the
bolt and the nut are in the elastic range (see Figure 6).

By getting down (querying) the displacements it is
possible to determine the sum of the bolt elastic elonga-
tion and the encircled elements compression and it makes
possible to construct the pre-tightening force-deforma-
tion diagram (Figure 8). In the figure, the blue triangle is
the analytic and the red is the numeric calculation re-

(b) ©

Figure 4. Studied threaded bolted joints (a) dimensions; (b) FE model, (c) Loading and boundary conditions. (1) Cantilever

(GGG 50), (2) Frame structure (structural steel).

OPEN ACCESS

MME



40 L. MOLNAR ET AL

UZ (mm)
2.557¢-001
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-8.939¢-002
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-2.866e-001
-3.359¢-001
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Figure 5. The calculated displacement field in z direction.
The greatest displacement is 0.2557 mm, while the smallest
displacement is 0.3359 mm.
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l 1008.3
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I 275.0
183.3
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Figure 6. Von Mises equivalent stresses in the bolted joint
(complete model and enlarged detail). The maximum of
stress scale was set to 1100 MPa.

sults. It can be seen that the threaded model reflects well
the analytic result.

Similarly to the earlier analysis the calculation related
to M24 bolted joint was executed too. The results ob-
tained from the calculation provide the force-deformation
diagram shown in Figure 9.

5. Bolted Joint with Linear Elastic Material
Law—bonded Model

The bonded model differs from the model examined—in
the earlier paragraph—in such a way that the threaded
connection is not formed between the nut and the bolt. In
the place of the threaded joint cylindrical surfaces are

OPEN ACCESS
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Figure 7. Equivalent stresses in the bolted joint. The stress
scale maximum was set to 420 MPa.
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Figure 8. Force-deformation diagram of M20 bolted joint.
Threaded model, linear elastic material law.

M24 - linearly elastic - threaded

350 ‘

300 ,AW\

250
z \
X, 200 // \
(]
£ 150 L1
8 L~

100

50 \
0
0 0.1 0.2 03 0.4 05 0.6

Deformation [mm]

‘ —Analytic — M24 threaded ‘

Figure 9. Force-deformation diagram of M24 bolted joint,
threaded model using linear elastic material law.

formed having the diameter equal to the mean thread
diameter and defining bonded joint between the two parts.
The aim of this study is to estimate the resulted error
magnitude of this approximation yielding to a smaller FE
model, with less elements (This model takes into consid-
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eration the elastic deformation of the bolt shank and the
compressed elements, but neglects the elastic behavior of
the thread surroundings).

The geometry, the dimensions, FE quarter model, the
loading and the boundary conditions for M20 bolted joint
are shown in Figure 10.

Main characteristics of the finite element model:

o type of the applied element: tetra 10;

e average element size: 2 mm;

e average element size in the threaded
connection: 0.4 mm;

e average element size in the plate-bolt
connection: 0.7 mm;

o number of elements: 114,752;

e number of nodes: 170,660.

The loading of the model and the boundary condi-
tions are the same as given in the previous paragraph.

The calculated z direction displacement field is shown
in Figure 11. The sum of the bolt elongation and the
encircled element compression can be determined from
the figure:

Jes + A =0.2557 —(~0.2840) = 05397 mm 2

In Figure 12, the equivalent von Mieses stresses were
presented in such a way that the scale upper limit was
maximized in 1100 MPa. In this way, those fields can be
seen by red where the stress is near or even over the yield
strength in the bolt and in the nut. The right side figure
shows the nut and the surroundings of the bolt head en-
larged. The stress concentration of the threads and the
head-shank transition can be seen in the figure. However,
the stresses in the surrounding of the bonded connection
are reasonably reduced comparing to the threaded joint.

The bonded model force-deformation diagram is
shown in green color in Figure 13. In the figure, the blue

119

ilustrates the analytic and the red shows the numeric cal-
culation result. The bonded model is more rigid compar-
ing to the threaded model. Here the complete elastic de-
formation is about 9% smaller than in the case of the
threaded model.

Similarly to the earlier study the related calculations
were carried out for M24 bolted joints too. The calcula-
tion resulted force-deformation diagram is shown in
Figure 14.

Based on the already completed studies it can be stated
that the results of threaded finite element model answers
to bolt dimensioning procedure of the VDI 2230 Richtli-
nien. The simplified bonded model increases the rigidity
of the joint by 9%. The differences in the rigidity of the
two models are resulted by the limited expansion—in radial
direction—of the bonded joint, as the contact behavior
between the threads are not considered here (Figure 15).

6. Bolted Joint with Non-Linear Materal
Law—Threaded Model

The studies carried out with linear material law—in the
previous two paragraphs—ypointed out that the stresses in
the bolted joints reach and even exceed the yield strength
in more components of the bolted joints. This made ne-
cessary the non-linear analysis. The concerned numerical
model is shown in Figure 16.

In order to reduce the CPU time—utilizing the ap-
proach of circular symmetry—1/24-th of the model was
examined (studied). The characteristics of the model are:
o applied element type: tetra 10;

e average element size: 2 mm;

e average element size at the thread: 0.4 mm;

e average element size in the plate-bolt
connection: 0.7 mm;

(b) ©

Figure 10. The studied bonded bolted joint (a) dimensions; (b) FE model, (c) Loading and boundary condition. (1) Cantilever

(GGG 50), (2) Frame structure (structural steel).
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Figure 11. The calculated displacement in z direction. The
maximum displacement is: 0.2557 mm and the minimum
displacement is: —0.2840 mm.
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Figure 12. Equivalent stresses in the bolted joint. The stress
scale maximum was set to 1100 MPa.

e number of elements: 32,557;
e number of nodes: 54,628.

The bolt is pre-stressed—up to the yield strength—and
10.3 kN answers to the loading for the 1/24 (size) of the
model.

The boundary conditions coincide to the boundary
conditions written in the previous paragraph.

Over the yield strength the real behavior of the materi-
al applied is not known therefore the study was carried
out with assumed material law. During the intake of the
material law the gradient of the hardening part is deter-
mined in such a way that the stress level should reach the
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M20 - linearly elastyc - bonded
250

/
N
% \ \\
= /
E 100 ////
) \WA
. N
0 0.1 0,2 0,3 0,4 0,5 0,6

Deformation [mm]

‘—Analytic —— M20 threaded —— M20 bonded ‘

Figure 13. The force-deformation diagram of the M20 bolt.
Bonded model with linear elastic material law.
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Figure 14. Force-deformation diagram of M24 bolt. Bonded
model with linear elastic material law.
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Figure 15. M24 bolt, threaded model. As an effect of the
load the nut expands in radial direction. Scaling of defor-
mation is: 10.

ultimate strength at the tensile break strain.

Besides, the transition was made continuous between
the elastic and plastic sections. The description of the
assumed material law is summarized in Table 7 and
shown in Figure 17.
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Table 7. The characteristic points of the material law.

L. MOLNAR ET AL

Material o[MPa] e[-] E [MPa]
0 0
1100 0.0055 200,000
Bolt (12.9) 1153 0.0105 5000
(and nut)
1173 0.0205 1000
1220 0.0800 790
0 0
416 0.0025 169,000
Cantilever (GGG 50) 453 0.0075 5000
506 0.0175 3000
596 0.0700 1720
0 0
335 0.0017 200,000
Frame structure (St60) 369 0.0067 5000
418 0.0167 3000
590 0.1500 1290
0 0
420 0.0021 200,000
Washer (C45) 456 0.0071 5000
515 0.0171 3500
800 0.1300 2520

The calculated equivalent strains are illustrated in
Figure 18, where the equivalent strain values are found

OPEN ACCESS
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Figure 16. Numeric model for the non-linear examination.
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Figure 17. Applied material law with strain hardening fea-

tures.
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Figure 18. Equivalent specific strain. The maximum of the
strain scale was set to 0.004. The deformation scale is 1:1.
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in the range of 0 - 0.004. The strains were drawn in the
deformed form of the joints by using deformation scale
1:1. Under the bolt head and washer substantial magni-
tude of deformation of the washer and the encircled ele-
ments can be seen well in the figures.

From z directional displacements the sum of the bolt
elongation and compression of the encircled elements:

s + A4 = 0.5125—(~0.2675) = 0.7800 mm 3)

This considerable magnitude of elongation can be ex-
plained by the applied structural elements having low
yield strengths.

The force-deformation diagram of bolted joint calcu-
lated with modified material law is shown in Figure 19.

In Table 8, the biggest elongations and stresses—de-
veloped in the structural elements of the bolted joints—
were summarized. These are shown in Figure 20. In the
case of the upper curve, the first symbol represents the
bolt, while the second shows the nut behavior.

The calculations were carried out for the maximum
pre-tightening force (Fm max), Which was obtained at the
minimum friction coefficient and at the maximum tigh-
tening torque. However the probability is rather rare for
these conditions. The non-linear calculations were car-

300

Force [kN]
=
3
|1
/

100 / \ \
50 \
0 0.2 0.4 0.6 0.8

Deformation [mm)]

‘—Elastic —— Elastic-plastic — ‘

Figure 19. Force-deformation diagram of the modified non-
linear material law.
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Figure 20. The largest stresses and deformations in the
structural elements.

OPEN ACCESS

ried out for minimum (Fymin), and average (Fuk) pre-
tightening forces as well. These results are shown in
Figure 21. It can be seen from the figure that small
amount of plastic deformation may happen even at mean
pre-tightening forces due to the excessive local stress
concentrations. This last result represents the most fre-
quent case.

6. Conclusions

In the first part of this paper, the pre-tightening behavior
of the high strength (10.9 és 12.9) bolted joints was sum-
marized. At first, the VDI Richtlinien calculation method
and then the finite element analysis were used. The FE
model is also applicable for analyzing the contact state of
the threaded contact showing a good conformity to the
calculations according to VVDI. The simplified—so called
bonded—model shows 9% more rigid behavior due to
the simplified surrounding contact.

The FEA model—analyzing the elastic-plastic beha-
vior—demonstrates the smaller extent plastic behavior
effect of the cantilever, the frame structure and also the
washer. The bigger deformations obtained are the conse-
guence of the smaller yield strength compared to the 90%
- 100% pre-tightened bolt shank. Above all, it can be
stated that during the stress analysis of pre-stressed high
strength bolted joints, the expected elastic-plastic defor-

Table 8. The largest equivalent stresses and strains.

Largest equivalent Largest equivalent

Element stress [MPa] strain [-]
Bolt 1175 0.027
Cantilever 515 0.019
Frame structure 455 0.045
Washer 630 0.088
Nut 1220 0.082

M20 - non linear - threaded

Force [kN]
2
| 1
/

o N\ )\
0 \ \

0.0000 0.2000 0.4000 0.6000 0.8000
Deformation [mm]

| — FMmax — FMk — FMmin]

Figure 21. The calculated force-deformation diagrams for
non-linear model at the minimum, the mean and the maxi-
mum pre-tightening force.
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mations of the same elements of the joints must be con-
sidered, too.
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