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Abstract. The behaviour of standard bolted steel connections submitted to monotonic loads, through the
use of numerical models, is presented in the current paper.

The bolted connections allow speed up constructive processes in an increasingly competitive and global-
ized world in which the costs are a decisive factor in the development of a project. The use of computational
tools in the analysis of bolted connections becomes determinant, mainly for new solutions or solutions less
explored in terms of design codes.

Throughout the years, bolted connections have been suffering transformations resulting from research
activities performed by many authors. Rivets have been replaced by bolts, the main achievement being the
pre-stressed bolts. Methodologies based on finite element analyses were proposed for double shear bolted
connection. The non-linear behaviour of these connections is investigated and their performances are com-
pared. In the numerical modelling of the bolted connection, linear elastic and elastoplastic analyzes reveal
that there are two slip levels associated with local non-linearities caused by the contact pairs, which vary

with clamping stresses.

Keywords: numerical analysis, bolted connection, monotonic loadings, pre-stressed bolts.

Introduction

Overview on standard bolted connections

Nowadays, it is observed that metallic structures
are increasingly used in building rehabilitation, in
new constructions and in works of art (De Jesus et al.
2010). In rehabilitation, steel structures can be used
at all levels, such as shoring, in order to guarantee the
temporary security of the building and also as struc-
tural reinforcement (Campos 2006). In a competitive
and globalized world, costs are increasingly a decid-
ing factor in designing a project. Structural engineers

are concerned with the study of bolted connections in
order to develop new solutions and improve knowl-
edge about existing solutions. It is imperative to make
the most of the potential that bolted connections have
shown over the years, one of which is to further ac-
celerate the construction processes.

In general, bolted connections present various
advantages when compared with other connection
solutions. The main ones are (Gresnigt et al. 2012):
adaptations, energy savings, use of less skilled labour,
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are a good alternative to refractories and good capac-
ity for fatigue, especially for high- efforts. In addition,
they pose less of a risk to workers, such as the risk of
fire. On the other hand, the main disadvantages are: a
need for greater control for the selection of net cross-
sections, the need for drilling of all the parts to be
connected, the positioning of the holes in the plates
in the manufacturing process involving sometimes a
pre-assembly, preserve requirements of bolts by type
and risk of torque loss when subjected to vibrations or
shocks by the common bolts

Applications

The behaviour of steel bolted connections remains
a problem of interest in the area of steel structures.
Nowadays, it can be verified that studies on bolted
connections have been growing. Researchers, all over
the world, have been developing works related to
bolted connections, such as: Silva (2009) carried out
a numerical model according to FEM, finite element
method, created in ANSYS Parametric Design Lan-
guage through ANSYS 10.0 software. The mesh of the
connection was composed of 3D elements of 20 nodes.
Surface-to-surface contact pairs were created between
the different bodies and different values for the friction
coefficient were used to compare fatigue strength be-
tween riveted and bolted connections through experi-
mental tests and numerical models. In another way,
Montgomery (2008) developed a study that evaluates
boundary conditions and software settings used in
simulating bolts. A simulated threaded bolt with full
contact is the baseline model. A model with interac-
tion at the threaded region and one with tied contact
at the threaded region is compared against the baseline
model. Balc et al. (2012) elaborate an analysis with fi-
nite elements of a steel joint with end plate and pre-
stressed bolts, using the ABAQUS finite element soft-
ware code. Relatively to injected bolts, Korti$ (2011)
carried out a numerical model of a riveted connection.
Three different numerical models of shear connections
were created: one approach was implementing two riv-
ets, the other was using one injected bolt and one rivet
and the other was using one low-quality injected bolt
together with one rivet. The effective stress on the rivet
was compared for these three models. Correia et al.
(2017) presents a comparison between two alternative
finite element models proposed to predict the fatigue
strength of a single shear and single rivet connection.
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The first model is based on solid finite elements as well
as on contact elements, to simulate contact between
the components of the connection. The second model
is built using shell finite elements in order to model the
plates of the riveted connection.

According to Kwon et al. (2002), to predict the
accurate behaviour of bolted joints, detailed 3D mod-
elling needs to consider the contact, the preload, and
nonlinear behaviour of joints. However, a detailed
model with gap elements cannot ensure convergence
due to the complicated shape, besides being unsuitable
for a dynamic analysis. Yorgun et al. (2004) modelled
a finite element to evaluate the behaviour of a dou-
ble channel beam-to-column connection subjected
to, in plane, bending moment and shear. Simulation
of the tests was carried out by means of a nonlinear
finite element software ANSYS. In the study carried
out by Maggi et al. (2005) are presented the results
of parametric analyses on the behaviour of bolted
extended end plate connections using Finite Element
(FE) modelling tools. The analytical models took into
account material nonlinearities, geometrical discon-
tinuities and large displacements. In the model pro-
posed by Zhang (Zhang, Poirier 2004), the member
deformation is determined by the member stiffness
that remains unchanged whether the external load is
present.

Lazzarin (Lazzarin, Quaresimin 1995) carried
out a statistical analysis performed on ca 750 fatigue
data reported in the literature. All data can be used
for establishing trends, planning future research and
for design purposes. Berto et al. (2016) carried out a
comparison between hot dip galvanized fillet welded
cruciform joints made by S355, structural steel and not
treated welded joints characterized by the same geom-
etry, subjected to a load cycle R = 0.34.

1. Numerical modelling of double shear bolted
connection under monotonic loading

1.1. Geometry of the connection and used materials

The geometry of the double shear bolted connection
was configured the dimensions shown in Figure 1 and
2. The connection consists of two plates connected
with an M22x70 bolt and a 3mm thick washer. Table 1
summarizes the materials and elastic properties con-
sidered in the simulation of double-shear bolted con-
nection.
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Fig. 1. Bolted connection geometry (dimensions in mm)
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Fig. 2. Geometry of 10 mm and 20 mm plates
(dimensions in mm)

Table 1. Materials and elastic properties used in double shear connection.

Description of the body ANSYS designation Material Poison Ratio (v) Elasticity Modulus (E) [GPa]
Plate 10mm Body 1 $355 0.30 210
Plate 20mm Body 2 $355 0.30 210

Bolt M22x70 + washer Body 3 Class 8.8 0.30 210

1.2. Finite element modelling

The bolted connection was modelled with a 3D
mesh composed by solid 20 quadrilateral elements
(SOLID186). Three bodies were created: 1 and 2,
shown in Figure 3 and 3 (bolt + washer) shown in
Figure 4.

Since the material of the plates in the proximity
of the holes will be subjected to a higher concentration
and gradient of stresses, a refinement of the finite ele-
ment mesh was carried out at this location.

Since the double shear bolted connection has two
planes of symmetry, only a quarter of the connection
was modelled, in order to reduce the computational
cost of the simulations. This step was possible by the
imposition of null displacements in the direction per-
pendicular to the planes of symmetry (Y and Z axes).

/

Contact pairs were created to simulate the contact
interactions between the various bodies. Before mod-
elling the contact problem, it is necessary to identify
the potential interactions between the various bodies.
Figure 5 shows the four steel / steel contact pairs cre-
ated, which were:

- Contact between body 1 (10mm plate) and

body 2 (20mm plate): 1st contact pair;

- Contact between body 3 (bolt head plus washer)

and body 1 (10mm plate) — 2nd contact pair;

- Contact between body 1 (10mm plate) and

body 3 (bolt tang): 3rd contact pair;

- Contact between body 2 (20mm plate) and

body 3 (bolt shank): 4th contact pair;

The contact was modelled using the contact ele-
ment technology available in the ANSYS software, us-

Fig. 3. Discretization of body 1 (lateral plate) and body 2 (central plate) and detail of the finite element formed by 20 nodes
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ing surface-to-surface contact options and assuming
flexible-flexible contact between surfaces (ANSYS® 12.0
code: SAS 2011). First the surfaces between the dif-
ferent bodies that could potentially come into contact
were selected and then 8-node elements (TARGE170
and CONTA174) were generated on these surfaces to
respectively model all the contact pairs between the
same bodies. Figure 6 shows the final appearance of
the double shear connection.

1.3. Parameters of the numerical models

Montgomery (2008) refers that bolted connections
present various complexities in finite element model-
ling and are impractical in current simulations. He also
points out that other authors also highlight these com-
plexities associated with bolted joints.

a) 3D Perspective b) Top view

¢) Back view d) Front view

Fig. 4. Discretization of body 3 (bolt M22x70 + washer)
using solid finite elements of 20 nodes

a) 1% pair of contact

b) 2" pair of contact

¢) 3" and 4t pair of contact

Fig. 5. Contact pairs created in ANSYS software
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Fig. 6. Local finite element mesh

Simulations were performed using the Lagrange
contact algorithm. This requires the definition of the
normal contact stiffness and the interpenetration toler-
ance of the contact pairs to be applied in the normal
direction to the contact surface. The contact stiffness
is estimated by the ANSYS based on the elastic prop-
erties of the bodies in contact and can be affected by
a multiplicative factor, defined as the parameter FKN.
The penetration tolerance is defined by the FTOLN pa-
rameter and is also a multiplicative factor to be applied
to the thickness of the first layer of solid elements of
the bodies in contact. According to Silva (2009), the
amount of penetration between the contact surfaces
depends on the value of the normal contact stiffness.
For high stiffness values there is a reduction in pen-
etration, increasing the convergence difficulties of the
contact algorithm. Reduced values of the contact stiff-
ness can lead to high penetrations, thus producing less
precise solutions. In this way, a sufficiently high stiff-
ness is intended to reduce interpenetration between
bodies to acceptable values, ensuring convergence
to the solution in a timely manner. According to the
study carried out by Silva (2009), the optimal values
for these parameters are as follows:

- FKN (contact stiftness factor) equal to 0.1;

- FTOLN (penetration tolerance factor) equal to

0.1.

These values were applied in the present study.
For the remaining parameters related to the Lagrange
contact algorithm, which were not explicitly men-
tioned, the values suggested by default were adopted
by the ANSYS commercial code.

Another parameter that has an influence on the
behaviour of the connections is the gap between the
bolt and the holes in the plates. The gap is defined as
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the difference between the diameter of the bolt and
the diameter of the holes. In numerical models, the
clearance value assumed was 2 mm. In all numerical
models of the double-shear bolted connection, the di-
ameter of the bolts is constant and equal to 22 mm.

The materials presented in Tables 1 were mod-
elled with elastoplastic behaviour. It was adopted the
criterion yielding von Mises, with isotropic hardening
defined by a multilinear law. For the S355 steel the
uniaxial stress-strain curve was adopted according to
Figure 7.

For the bolts, a uniaxial stress-strain curve was
used, shown in Figure 8. Class 8.8 bolts were adopted,
with a tensile strength of 800 MPa and yield strength
of 640 MPa.

In this study, the Coulomb friction model was
adopted. The friction coeflicient required in this model
was estimated based on the recommendations of EC3
standard the coeflicients vary between 0.2 and 0.5 de-
pending on a diversity of factors in which the rough-
ness of the surfaces in contact is one of the most deter-
minant. In this case, two different friction coeflicient,

300
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100 —=— §355 stell

0 T T T 1
0 5 10 15 20
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Fig. 7. Uniaxial stress-strain behaviour of S355 steel
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Fig. 8. Uniaxial stress-strain behaviour adopted for materials
used in M22 bolts of resistance class 8.8
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u = 0.2 and 0.5, were taken into account. On the other
hand, in order to perceive and evaluate the influence
of the friction coeflicients on the connection, it was
considered in some cases, all the discrete values men-
tioned in the codes (Cruz et al. 2012; EN 1090-2 2011).

According to Montgomery (2008) and Kim et al.
(2006), clamping stresses in bolted connections can be
modelled by one of the following processes: thermal
deformation, with constraint equations or by imposing
initial deformations.

According to the thermal deformation method,
pre-stressing is generated by assigning virtual tem-
perature variations and orthotropic thermal expansion
coefficients to the bolt body (Montgomery 2008; Kim
et al. 2006). In the case of the constraint equations,
these are formulated for the relevant bolt body nodes
(Montgomery 2008; Kim et al. 2006). The initial de-
formation method is the most direct approach, where
the initial displacement is imposed on the bolt body
(Montgomery 2008; Kim et al. 2006).

For the current study, the clamping stress in the
connection was created through the application of a
temperature range, AT. By applying a temperature re-
duction on the bolt, it is possible to induce the con-
traction of the bolt producing a compression force at
the connection. For this purpose, it was considered
that the material of the bolt body has orthotropic ther-
mal expansion properties, particularly the thermal ex-
pansion coefficient is zero in the transverse directions
(o, = o, = 0) and a, = 1.0x10-5 / °C in the longitudi-
nal direction of the bolt.

Using the numerical model of the double shear
connection and standard bolts and assuming elastic
behaviour of the materials, the reference temperatures,
Tref’ 0 °C, 100 °C, 475 °C, 500 °C, 700 °C and 900 °C
were tested in order to calibrate of the clamping stress
equations, 6,,, as a function of the temperature range,
for the friction coefficient, of 0.2 and 0.5. These cali-
bration equations will allow to estimate the tempera-
ture ranges to be applied to the bolts in order to result
in a certain clamping stress.

For the simulation of the clamping stress, the tem-
perature variation is defined by the difference between
the reference temperature, T and the ambient tem-

perature, T

mp» according to the following equation:

AT=T

ref — Tamb' (1)

An ambient temperature of 25 °C was considered.
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In order to study the effect of the clamping stress ~ Table 2. Modelling parameters used in the numerical analysis

variation on the bolts in the behaviour of the double- of the bolted connection

shear connection, the following clamping stress values Numerical | oo | propy | Fricion | Clamping
were simulated in the three numerical models: 50%, analysis coefficient, p | stress, 6,
60%, 70%, 80% and 90% of the ultimate strength of 400
the M22 class 8.8 bolts. 480
The displacement imposed parameter is very im- 0.2 560
portant, since the extension of non-linear behaviour 640
will depend on the maximum imposed value. The . . 720
. Linear-elastic | 0.1 0.1
values adopted for these displacements were 0.10mm, 400
1.0mm and 10mm. The imposed displacements were 480
defined in the longitudinal axis x (loading direction). 0.5 560
These displacements were applied to the nodes that 640
constitute the volume of the tie of the body 1 and in 720
the opposite direction was adopted null displacement 400
in the volume of the grip of the body 2. In some simu- 480
lations the displacement up to 13 mm was extended to 0.2 560
show the last load of the connection. 640
Table 2 presents the Modelling parameters used in 720
the numerical analysis of the bolted connection. 400
480
2. Results and discussion 03 560
The first simulations were carried out to determining 640
the relation between the clamping stress and the tem- Flastoplastic | 0.1 01 720
perature range applied to the bolt body. 400
Figure 9 shows the evolution of clamping stress for 480
the temperature range of 0 °C, 100 °C, 475 °C, 500 °C, 0.4 560
700 °C and 900 °C and for the friction coeflicients, 0.2 640
and 0.5. These simulations were carried out in a linear- 720
elastic regime for double-shear connection. It was veri- 400
fied that the values of the clamping stress that translate 480
the tightening of the connection to the friction coef- 0.5 560
ficients of 0.2 and 0.5, are practically coincident. It is 640
also verified that the temperature range and clamping 720
stress are linearly related. The higher the temperature
range, the higher the clamping stress on the bolts. 1000 -
Table 3 lists several clamping stress values used in 900 |
this study and their required temperature range. This 800 -

values correspond to percentages of the ultimate ten-
sile strength of the 8.8 bolts, namely 50%, 60%, 70%,
80% and 90%.

2.1. Linear-elastic numerical analysis
—=— 1=0.2; AT= 1,208, - 16,445

Temperature range, AT [C°]
u
(=3
(=]

The stress fields in the connection were obtained in
~-#==- 1= 0.5, AT=1,1960,, - 16,491

the elastic regime. These stress fields allow to locate .

the critical point of the connection to determine the 0 100 200 300 400 500 600 700 800 900
linear-elastic stress concentration factor, K,. As was ex- Clamping stress, o, [MPa]

pected, the maximum stress values were obtained near Fig, 9. Relation between the clamping stress, 6, and the

the holes in the plates. temperature range, AT, applied to the bolt body
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Table 3. Selected values of clamping stresses
Ope AT (°C)
G, (MPa) Zm =02 =05 AT (0.2 - n0.5) (°C) AT (%)
720 90% 853.32 844.63 8.69 1.02%
640 80% 756.68 748.95 7.73 1.02%
560 70% 660.04 653.27 6.77 1.03%
480 60% 563.40 557.59 5.81 1.03%
400 50% 466.76 461.91 4.85 1.04%
Using the stress distributions obtained through 8]
the MEF, the stress concentration factor was deter- 7
mined in the elastic regime. The analysis of the evo- Z 6
lution of the stress concentration factor allowed the g
analysis of several parameters that influence the be- “§ °
haviour of the connection. § 47
The linear-elastic stress concentration factor was % 3 . 0 e
defined as the ratio between the maximum local stress %"’; )]
in the load direction and the nominal stress: s
14
K, =6m—ax = GmTax, ) 0 : ‘ . ;
Gpom L 400 480 560 640 720
A Clamping stress, o, [MPal

where: 6, is the maximum local stress in the load
direction; 6, is the nominal stress determined in the
section containing the bolt axis; F is the force applied
at the connection;

A . is the connection resistant area by discount-
ing the bolt hole.

In Figures 10 and 11, the evolution of the linear-
elastic stress concentration factor for body 1 and 2
(lateral and central plate, respectively) is shown, as a
function of the clamping stress, friction coefficient and
imposed displacements.

The structural behaviour of the connection in
elastic regime is presented below through the respec-
tive force versus displacement curves, for the various
friction coeflicients and clamping stress values applied.

According to Figures 12 and 13, the clamping
stress retards sliding between the connecting plates.
For a displacement equal to 10mm, the force applied
in the loading direction increases with the clamp-
ing stress installed. From Figure 13, it is verified for
this numerical model of connection the existence of
two slip phases, for all the clamping stresses. The first
slip occurred due to the existence of the gap (2 mm)
between the bolt body and the holes in the plates. In
the first slip, the body 2 (central plate) abuts the body
3 (bolt), in the second slip phase, the body 1 (lateral

=@ Ch. Lateral; = 0.1 mm ==t Ch. Central; § = 0.1 mm
=== Ch. Lateral; = 1.0 mm === Ch. Central; 5 = 1.0 mm

Ch. Lateral; 6 = 10 mm === Ch. Central; § = 10 mm

10. Evolution of linear-elastic stress concentration factor,
n=0.2

Fig.

Stress concentration factor, Kt

0 T T T |
400 480 560 640 720
Clamping stress, Gpe [MPa]

=@ Ch. Lateral;  =0.1 mm == Ch. Central; § = 0.1 mm
=8 Ch. Lateral; = 1.0 mm ==#= Ch. Central; 8 = 1.0 mm

Ch. Lateral; 8 = 10 mm === Ch. Central; § = 10 mm

Fig. 11. Evolution of linear-elastic stress concentration factor,
n=20.5

plate) abuts the bolts. After the total sliding of the
plates, the various clamping stress curves converge
with each other.
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Fig. 12. Connection behaviour in elastic regime,
for displacement up to 10 mm, friction coeflicient equal
to 0.2 and varying the clamping stresses
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Fig. 13. Detail A of the behaviour of the connection in elastic
regime for displacement up to 10 mm, friction coefficient
equal to 0.2 and varying the clamping stresses

For displacement equal to 1mm only the first slip
phase occurred in which the body 2 (central plate)
pressed against the body 3 (bolt). The loading force
increased with the clamping stress. The force applied
in the loading direction increased with the clamping
stress installed in the slip zone and immediately after
that.

For the value of friction coefficient equal to 0.5,
the observed behaviour of the connection in elastic
regime is the one realized for a friction coefficient of
0.2. From the analysis of Figures 14 and 15, it is veri-
fied that the connection presents two slip phases, after
which the curves tended to converge, meaning that its
structural behaviour is no longer influenced by this
parameter in a significant way.

For a displacement equal to lmm only a par-
tial slip occurred, in which the body 2 (central plate)
pressed against the body 3 (bolt). The force applied
in the loading direction increased with the clamping
stress installed in the slip zone and immediately after
that.
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Fig. 14. Connection behaviour in elastic regime, for
displacement up to 10 mm, friction coefficient equal to 0.5
and varying the clamping stresses
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Fig. 15. Detail B of the behaviour of the connection in elastic
regime for displacement up to 10 mm, friction coefficient
equal to 0.5 and varying the clamping stresses

2.2. Elastoplastic numerical analysis

The modelling of the connection behaviour assuming
elastic behaviour of the materials does not allow to
obtain an estimate of the connection breaking loads.
Thus, this behaviour is presented as a function of the
installed clamping stress and friction coeflicient.

Figure 16 shows the load-displacement curve for a
coeflicient of friction equal to 0.2 for several clamping
stress values. For all clamping stress values, there were
two slip phases in the connection. It was found that
immediately after the second slip, the values of bond
strength loads converge independently of the applied
clamping stress values.

The load-displacement results for a friction value
of 0.5 are shown in Figure 17. For all simulated clamp-
ing stresses, two slip phases were also observed at the
connection. Initially, the connection exhibited a linear
behaviour until the first slip occurred, where the body
2 abutted the body 3. After this slip, the force applied
in the loading direction has increased again until there
is again a second slip, in which the body 1 touched
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400
350 -
— 300
é 250
3
u? 200 wDees Gy =400 MPa
% 150 - -=0== Op, =480 MPa
2 100 —t— Op = 560 MPa
== Op= 640 MPa
50 1 - = 0p=720 MPa
0

0 1 2 3 4 5 6 7 8 9 10 11 12
Displacement, 3 [mm]
Fig. 16. Connection behaviour in elastoplastic regime,

for displacement up to 10 mm, friction coeflicient equal
to 0.2 and varying the clamping stresses

the body 3. At the end of the total slipping of the con-
nection, the resistance increased slightly as a function
of the clamping stress until it began to plasticize and
reach the collapse load.

In the behaviour of the connection up to the
displacement of 3mm, it is verified that the clamping
stress has a significant influence in the delay of the
slips. After this displacement, the values of the clamp-
ing stress lose relevance, since the curves F-8 converge
with each other.

In summary, it was found that the friction coef-
ficient and clamping stress significantly influence the
slipping retardation of the plates. The higher their val-
ues, the greater the resistance of the slipping connec-
tion and the closer the slipping resistance of the last
loads of the connection.

In order to confirm the ultimate tensile strength
of the connection, for the same friction coefficients
and clamping stress values, the maximum displace-
ment up to 13 mm was increased. The results obtained
are shown in Figure 18.

In the analysis of Figures 18 and 19, it was found
that the connection with friction coeflicient equal to
0.2 and 0.5 maintained the same behaviour when com-
pared with the previous results obtained for a displace-
ment up to 10mm. The ultimate loads for the various
clamping stress were very close to each other.

In Figure 18, for the friction value equal to 0.2,
it was verified that the load-displacement curves con-
verged between the displacements between 2 and 3
mm, for any clamping stress value. In Figure 19, for the
friction value equal to 0.5, this convergence happened
later and for the displacement range between 4 and
5 mm. It is also confirmed that the friction coeflicient
had a significant influence on the structural behaviour
of the connection, causing slip between the plates.
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Displacement, § [mm]
Fig. 17. Connection behaviour in elastoplastic regime,

for displacement up to 10 mm, friction coefficient equal
to 0.5 and varying the clamping stresses
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Fig. 18. Connection behaviour in elastoplastic regime,
for displacement up to 13 mm, friction coeflicient equal
to 0.2 and varying the clamping stresses
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Fig. 19. Connection behaviour in elastoplastic regime,

for displacement up to 13 mm, friction coeflicient equal
to 0.5 and varying the clamping stresses

With respect to the clamping stress effect, it is
also observed in Figures 18 and 19 that the higher this
stress, the greater the forces applied in the connection
to cause slipping of the plates. After the second slip,
the load-displacement curves tend to converge be-
tween them, meaning that the structural behaviour of
the connection is no longer significantly influenced by
this parameter. It was verified that the greater influence
of the clamping stress occurs in the levels of slipping.
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Fig. 20. Distribution of the equivalent plastic deformations according to Von Mises criteria (c,,, = 560 MPa, § = 13mm)

The analysis of the possible breaking modes was
performed using a numerical model with the following
. = 560 MPa, = 13 mm and the coef-
ficients of friction equal to 0.2 and 0.5. According to

parameters: G,,

Figure 20 and evaluating the distribution of the plas-
tic deformations in the bodies, there are two possible
rupture modes. It can be concluded that there may be
a plastic crack in the central plate as well as a plas-
tic crack in the bolt. In both cases these are modes of
cracking by shear force. For the selected dimensions of
the connection, the tensile crack in the resistant sec-
tion is not feasible. The maximum plastic deformations
observed are very significant, above the typical break-
ing strength of the steels. It should be noted, however,
that the deformations obtained through the MEF are
logarithmic deformations, whereas the values of the
rupture extension usually referenced in the literature
correspond to engineering values. The analysis of Fig-
ure 20 shows a great influence of the coefficient of fric-
tion in the field of equivalent plastic deformations.

In order to understand the influence of the fric-
tion coefficient on the connection behaviour, the re-
sults of simulations carried out with a friction coef-
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Fig. 21. Structural behaviour of the double-shear connection

for a displacement up to 10 mm and a clamping stress
of 400 MPa, depending on the various friction coefficients

ficient of 0.2, 0.3, 0.4 and 0.5 were compared for some
clamping stress values and imposing equal maximum
displacements to 10mm. The assumed values for the
clamping stress were 400, 560 and 720 MPa. The re-
sults are shown in Figures 21, 22 and 23.

The analysis of Figures 21, 22 and 23 for all fric-
tion coeflicient reveals that the connection initially ex-
hibits elastic behaviour until the occurrence of the first
slip. In the same way as mentioned above, in the first
slipping level the resistant force decreases significantly
with the reduction of the friction coeflicient. After this
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Fig. 22. Structural behaviour of the double-shear connection

for a displacement up to 10 mm and a clamping stress
of 560 MPa, depending on the various friction coefficients
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Fig. 23. Structural behaviour of the double-shear connection

for a displacement up to 10 mm and a clamping stress
of 720 MPa, depending on the various friction coeflicients
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first slip in which the body 2 contacts the body 3, the
force again increases again until a second slip occurs.
At that instant, the body 1 contacts the body 3. Sub-
sequent to this last slip, the force increases again until
the connection reaches the level of plasticity and con-
sequent failure.

Conclusions

The main conclusions regarding the finite element
modelling of this type of steel connection is that the
definition of the appropriate constitutive model for
the materials is the most important step of the model-
ling process since it must be based on experimental
information and depends on the quality of the results
obtained. The modelling requires a careful analysis on
the location where the possible critical points that are
susceptible to larger peaks and strain / strain gradients
will exist. At these points the mesh must have an ad-
equate density. It is necessary to keep in mind that lo-
cal stresses and deformations fields are nonlinear due
to the contact between the connection elements (Car-
valho 2013).

Through the results obtained from the numeri-
cal simulations it can be concluded that the higher the
temperature range the higher the clamping stress in-
stalled on the connection bolts. Still through the elastic
analysis, it is concluded that the relation between the
clamping stress and the temperature range is practical-
ly insensitive to the variation of the friction coeflicient.

In the simulated conditions, the critical point is
always located near the holes of the plates and the
higher the friction coefficient and clamping stress, the
higher the bond strength to failure when subjected to
monotonic loads. In addition, there are always two
slip levels between the plates and with slipping resist-
ance loads dependent on clamping stress and friction
coefficient. After total imposed slip, all resistance vs.
displacement curves tend to converge between them
(Carvalho 2013).
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