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Abstract.  This paper deals with a new designed joint system for single-layer spatial structures. As the
stability of these structures is greatly influenced by the joint behaviour, the aim of this paper is the
characterization of the joint response in bending through Finite Element Method (FEM) analysis using
ABAQUS. The behaviour of the joints studied here was influenced by many geometrical factors, such as
bolts and plate sizes, distance between bolts and end-plate thickness. The study comprised five models of
joints with different values of those parameters. The numerical results were compared to the results of
previous experimental tests and the agreement was good enough. The differences between the numerical and
experimental initial stiffness are attributed to the simplifications introduced when modelling the bolt threads
as well as the presence of residual stresses in the test specimens.
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1. Introduction

In the last years single-layer structures have become an appropriate and desired structural
solution, especially due to their adaptability and their pleasant aesthetics (Knippers and Helbig,
2009). It is well known that joints play an important role in the stability of these structures (Wu et
al. 2014, Zhang and Han 2013). In fact, as was shown by Altuna-Zugasti et al. (2012), slight
improvements in joint-rigidity can make important changes in the structural behaviour. Ma et al.
(2015) have also examined the influence of joint-rigidity on the performance of a single-layer
cylindrical reticulated shell with semi-rigid joints.

The amount of research in joints for steel framed structures is huge. It would be enough to refer
to the complete review written by Diaz et al. (2011), or to the bibliography presented by Mackerle
(2003). One major point in the literature is the evaluation of the resistant capacity of the joints. But
recently, as Eurocodes (EN-1993-1-8 2005) introduced the concept of semi-rigid joints, a lot of
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research focuses precisely on the study of joint-rigidity, represented by the curve of bending
moment versus rotation. Many have estimated joint-rigidity using theoretical, experimental or
FEM analyses or using the component method (Shi et al. 2007, Mohamadi-Shooreh and Mofid
2008, Lemonis and Gantes 2009). Others, as Wang et al. (2013), have developed energy-based
methods for the same purpose. But, irrespective of the method, it is clear that only a precise
assessment of the joint-rigidity can lead to an accurate estimation of the internal forces in the
members.

In contrast to the extensive research on joints for steel framed structures, there is less research
devoted to the understanding of the behaviour of joints for spatial structures with tubular members
(Fan et al. 2012). And, a great deal of this research is on double-layer structures where the role of
joint-rigidity is less significant (Doh et al. 2009, Ghasemi et al. 2010 and Bezerra et al. 2009).
Regarding single-layer structures, some researchers as the group of Shiro Kato (Hiyama et al.
2000) have profusely investigated structures with bolt-ball joints, where structural members are
attached to the spherical joint by means of just one bolt. Others have studied more proper joints for
single-layer structures, such as welded joints (Kim et al. 2008) or bolted joints that achieve enough
rigidity because each member is attached to them by means of two bolts (Hwang 2010, Stephan et
al. 2010). Most of the abovementioned papers combine experimental and FEM analyses.

The aim of this work is the characterization of the behaviour of a new type of bolted joint for
single-layer spatial structures through FEM analysis and, for this purpose, ABAQUS is employed.
The FEM model was validated comparing the results with previous experimental tests carried out
by Lopez et al. (2011). Once a FEM model proves to perform well, it can be used for further
purposes such as diagnosing zones with stress concentrations or identifying the best zones to
locate strain-gauges in future tests.

2. Finite element modelling
2.1 Description of the joints

The company that manufactures the joints is a leading engineering company in Spain which has
been building large span double-layer spatial structures for many decades (Makowsky 2002). The
need to be more competitive introduced the company into the single-layer spatial structures design.
But the change to single-layer spatial structures implies a challenge in the design of the joints,
which should be able to carry moments. The company chose to keep bolted joints, very similar to
the ball joints they have always worked with. In fact, their joint, the ORTZ joint, is protected by a
patent and is known world-wide (Ali et al. 2013). This joint has many advantages during the
erection of the structure thanks to the fact that the high-strength (Grade 10.9) bolts have two parts
with opposite threads of different sizes. Thus, the new joints keep the same bolts but with some
changes: the cross-section of the tubes is not circular, bur rectangular; and there are two bolts at
each end of the structural members, instead of only one. The joint is no longer a ball, but a
cylinder, where the two bolts of each member attach. Fig. 1 shows a sketch of the actual joint for
single-layers with the cylinder and the two bolts. The moment capacity depends on the separation
between the two bolts “h”. The plan view in Fig. 1 looks almost like the sectional view of the
ORTZ ball-joint. The circular tubes for the ORTZ system had a conical end. In the new concept,
the heads of the bolts lie on a plate welded at the ends of the rectangular hollow tubes. Some
specimens ready for the experimental tests can be seen in Fig. 2.
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Fig. 2 Some specimens before the experimental tests

Among the different tests that were carried out to check the new design, the characteristic of
the joint that will be more relevant for the behaviour of the structure is the bending stiffness, which
was measured by means of four-point bending tests (Fig. 3). Experimental work is necessary, but it
is expensive. Besides, there are relevant areas in the specimens where measurements are limited,
due to accessibility difficulties. If the joints can be analysed numerically, the FEM models will be
a great aid during the joint design and verification process.

Table 1 shows the geometrical details of the different specimens analysed with FEM. As
mentioned before, the bolts have two parts of different sizes, where M1 and M2 are the two
nominal diameters. Apart from the geometrical details, Table 1 also lists critical loads for the
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Fig. 3 Four-point bending experimental test of the joint system

Table 1 Details of the specimens (dimensions in mm)

Specimen Beam Section Plate thickness Bolt metric  Bolt distance Py, boit (Pp1, tube)!

(HxWxt,) (t) (M1-M2) (h) (kN) (Puoi)
A 140%80x4 15 16-20 98 136 157
B 140x80x5 20 22-27 84 22.4 1.15
c 140x80%6 20 22-27 84 22.4 1.32
D 140x80%6 25 30-36 70 34.6 0.86
F 200x100x6 25 30-36 122 61.6 0.98

bending tests, which were estimated under the simplified assumption that the bending moment of
the tube is transmitted at the bolts by positive tension of one bolt and compression of the other
one. In Table 1, Py, is the amount of total load required from the hydraulic actuator to reach the
yield stress in the tension bolt, whilst (P wee) / (Punor)) indicates the ratio of the load required for
plastic failure of the tube in bending to the ultimate load of the tension bolt. This ratio takes values
greater or less than unity depending mainly on the choice of “h” and on the distance between the
supports.

2.2 Finite element model

The FEM maodel replicates the different details of the real system, such as the multiple changes
of diameter that take place along the bolt. However, the thread of the bolt was not modelled
because the labour it takes is not rewarded with a significant improvement in the results. In fact,
there is never information about the gaps between the two threads in contact before the system is
loaded, so the exact modelling of the thread is not worthy. Nevertheless, the numerical models
were able to follow very closely the experimental results.



Bolted joints for single-layer structures: numerical analysis of the bending behaviour 359

Fig. 4 Finite element meshes of the joint components

Table 2 Material properties for the models in ABAQUS

Element Data point True stress (MPa) True plastic strain

1 450.9 0

Steel core 2 450.9 0.050

3 800.4 0.085
1 356.3 0

Tube 2 416.7 0.014
1 905.9 0

Bolts 2 1016.3 0.011

A great effort was done instead in achieving a tidy mesh, with adequate values for element
skewness and aspect ratio. Finer meshes were used in the elements that take part in the contact
interactions, where high stress and strain gradients were expected to occur. Fig. 4 shows the
refined meshes for nuts, for bolts and for the relevant zones of the end-plate and the central core.
Eight-node linear brick elements (C3D8) were used. Reduced order integration was activated for
all the elements involved in the interactions (Fu et al. 2008) in order to prevent shear locking
which can occur with C3D8. The C3D8 mesh could also overestimate the rigidity of the joint, as
described by Hibbitt and Sorensen (2008).

2.3 Material model

The von Mises vyield criterion with isotropic hardening rule was used to model the steel
components. Material non-linearity was included in the finite element model by multilinear stress-
strain curves, as Abolmaali et al. (2005). Material properties were defined in ABAQUS in terms of
true value of stress and plastic strain, following the procedure in Fu et al. (2008). The value for the
elastic Young’s modulus was taken as 200 GPa and Poisson’s ratio was set to 0.3. The nuts and the
bolts were made of high-resistant steel. As shown in Table 2, the rest of materials were less
resistant but more ductile.
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Fig. 5 Surface contacts in FEM model

Fig. 6 Tie constraint between bolt and central core

2.4 Interactions

A good representation of the contacts between elements has huge effects in the response of the
connections and in the behaviour of the whole system. In this particular joint, the bolt is the
element that connects the different components. Both, the bolt and the nuts, are in contact with the
end-plate and the cylindrical core. Consequently, contact surfaces were defined in the following
areas, which are represented by dots in Fig. 5:

* The head of the bolt which is in contact with the inner surface of the end-plate.

* The nut which is in contact with the outer surface of the end-plate.

* The bolt-chamfer which lies on the steel core.
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Fig. 7 Sketch of FEM model with boundary conditions

An accurate model for the contacts implies taking into account both normal and frictional
forces. Concerning frictional forces, the usual value for the Coulomb coefficient in the literature is
0.33. However this value can vary from 0.1, for lower frictional force, up to 0.5. Here, the
maximum value of 0.5 was chosen as it is the value recommended for bolts of Grade 10.9 (Ortiz et
al. 2009). Nevertheless, friction does not play a significant role in this specific joint configuration.

Another critical detail in the model is the modelling of the bolt thread. It was decided to neglect
the detailing of the threads and to simulate their effects by means of a TIE constraint instead. This
kind of constraint makes equal all the degrees of freedom of the nodes of both surfaces. So, TIE
constraints were applied to connect the bolts with the nuts and also to attach the bolts to the central
core. In the latter connection, the TIE was defined only for 25% of the bolt length because most of
the bolt force is concentrated in this area (Bickford 1995). The TIE contact surface is coloured in
pink in Fig. 6.

The interactions were solved in ABAQUS with a master-slave type algorithm. Bolts, being the
stiffer components, were always taken as master surfaces. The corresponding slave surfaces were
accordingly meshed with finer meshes.

2.5 Boundary conditions and loads

Since the configuration of the four-point bending test is symmetrical, only half of the system
was modelled in FEM. The simply supported specimen is reduced to just half of it with clamped
conditions at the plane of symmetry. The only movement that is not restrained at that plane is the
vertical (Y) displacement (Fig. 7). The numerical analyses were carried out with a displacement
control, because this control method is more robust and the analysis converges better than with the
force control. Consequently, the progress of the analysis was controlled by the vertical
displacement imposed at the nodes that corresponds to the supports in the real experiment.
Logically, the vertical displacement was prevented for the line where the load is applied in the
experimental test. And finally, lateral (X) displacements were restrained at the end of the tube, as
they were in the real test.
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3. Results of FEM and comparison with the experimentation
3.1 Load-displacement curves

Although the FEM models will be very useful for many studies, the comparison between the
FEM results and the experimentation has to be done in terms of the load-displacement curves.
These curves were the direct outcome of the experimental tests and can be afterwards changed into
moment-rotation curves, which are the curves used by EN 1993-1-8 to classify the stiffness of
joints.

The numerical and experimental curves are plotted in Figs. 8 (a)-(e). The curves have a bilinear
general shape, with a change in slope that occurs at approximately Py (Table 1). The numerical
models picked up the general behaviour of the joint in the tests, although they showed a slightly
stiffer initial slope. The reason for this discrepancy is that the numerical models were not able to
reproduce exactly some details such as initial gaps between threads or residual stresses.
Nevertheless, the numerical curves are close enough to the experimental ones especially taking
into consideration that the study comprised joints of different characteristics, as it is the case of
Specimens D and F, which are compared in the following section. On the contrary, Specimens B
and C only differ in the tube thickness. Thus, their behaviour is almost the same (Figs. 8(b) and
8(c)) except that Specimen B, with a thinner tube, is slightly more flexible. In fact, this little
influence of the tube capacity in Specimens B and C is in consonance with the fact that, for these
two joints, the critical element is clearly the bolt in tension, as shown by the ratio of loads in the
last column of Table 1.

3.2 Critical elemement for the resistance capacity of the joint

The FEM models reproduced the experimental failure modes of the real joints. As predicted by
the values in the last column of Table 1, in the experimental tests the failure of Specimens A, B
and C was due to failure of the tension bolt. That was also the behaviour showed by the FEM
analyses. The tension bolts of the three specimens reached the ultimate strength, as can be seen in
the Von Mises stress plot (Figs. 9, 10 and 11). Stress plots in this paper correspond to the last point
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Fig. 8 Comparison between FEM and experimental load-displacement curves
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Fig. 9 Stress plot for Specimen A at the middle plane

(d) Model of Specimen D

of the FEM curve in Fig. 8. For these three joints, the stress plots show that the bolt in tension had
stress concentration at the smallest section and the corresponding nut lost contact with the end-
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plate. The steel core almost reached the ultimate stage of material capacity (800.4 MPa) in the
interaction with the bolt. The bolt in compression was forced into the central core, causing stress
concentration at the point where the contact took place. At the same time, the end-plate suffered
large deformation in the experimental tests, and the same behaviour was shown in the numerical
analysis.

For Specimen D, the ratio between the two failure loads in Table 1, Py wpe /Pupor, IS l€ss than
one. Therefore, in this case, it is expected that the plastic bending moment of the tube is reached
before the tension bolt fails, and so it happened in the experimental test (Fig 12). For Specimen F
all the geometrical values were the same as for Specimen D, except the beam height and the
separation between bolts. As a result, Specimen F had relatively smaller bolts and this fact lead to
failure of the bolt in tension (Fig. 13), although the prediction for Specimen F was that both
elements, tube and bolt, had similar critical loads. The stress plots for these two specimens with
such a different behaviour show that the FEM models were able to reproduce the experimental
tests. In the stress plot for Specimen D (Fig. 14) the bolts are far from the critical stress. So, it is
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Fig. 10 Stress plot for Specimen B at the middle plane
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Fig. 11 Stress plot for Specimen C at the middle plane
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Fig. 14 Stress plot for Specimen D at the middle plane
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Fig. 15 Stress plot for Specimen F at the middle plane

clear that the limit in the final capacity of the load-displacement curve is due to yielding of the
tube. The stress plot for Specimen F (Fig. 15) shows that both elements, tube and bolt, are close to
their limit.

4. Conclusions

3-D finite element analyses were carried out to study the behaviour of semi-rigid joints, when
subjected to four-point bending tests. The commercial software ABAQUS facilitates an accurate
modelling of difficult details, such as contacts and other interactions. Although complex and time-
consuming, the finite element analyses provide very useful information for the actual behaviour of
the system and for further developments. In this work, the results were compared with
experimental data in order to validate the FEM models. The correlation between both responses
was quite acceptable especially considering that the study deals with the behaviour of joints with
very different relative sizes. The differences between the numerical and experimental initial
stiffness are attributed to the simplifications introduced when modelling the bolt threads as well as
the presence of residual stresses in the test specimens.
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