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Abstract: Depending on the connection type, especially semi-rigid connections, the analyses of
building structures offer accurate results function of the rigidity and ductility. The present paper
analyzes the in-line connection of rectangular and circular hollow sections, categorized as semi-rigid
connections, suitable for an architectural design of invisible joints. For such connection the standards
do not cover an explicit design method. Experimental bending tests were performed on rectangular
and circular hollow sections having the end plate fixed inside the profile and bolted by four and one
high-strength bolts, respectively. The joint separation represents a serviceability criterion which was
monitored using digital image correlation technique. Based on experimental results, a numerical
model was validated using the finite element method. After the validation of the numerical model
based on the experimental results, a parametric investigation was conducted to study the influence of
the access hole, the preload level, the end plate thickness, and the axial force. The results show the
small influence of the bolt preload, but the end plate thickness was of major importance. A reduction
of the assembly rigidity was also caused by the manhole. The study shows the feasibility of the
connection configuration with the end plate positioned inside the hollow profile.

Keywords: in-line connection; experimental test; finite element analyses; joint separation; paramet-
ric study

MSC: 65205

1. Introduction

For an attractive aspect of steel structures, rectangular or circular hollow sections are
welded leading to a continuous aspect of the structure. This solution involves specialized
manpower and requires more time for erecting. Bolted connections provide sufficient
capacity and rigidity if used for hollow sections with end plates extended outside of the
profile perimeter as presented by [1]. By positioning the bolts only within the perimeter of
the profile, the response of the connection is highly affected by lowering both the rigidity
and the capacity. Nevertheless, the bolted connection has the advantage of a reduced
erecting time compared to the welded connection.

In the case of T joints where distribution of moment is very important, the rigidity of
welded joints for hollow sections reduces, if the axial force leads to stresses close to the
yielding of material [2]. Similar studies were conducted to determine the bending capacity,
rotational stiffness and ductility for high strength steel connection which proved the need
for reduction coefficients only for few welding types [3].

When different profiles of tubular sections are connected by welding, the push—pull
local mechanism is the common failure mode for which the rotational stiffness may be of
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high importance. Design methods for T joints were suggested by Szlendak [4], but the
in-line connection failure mode, which is the current interest, is very different as the web of
the element is not an influencing factor.

For the continuity connection of tubular sections, end plates connected by bolts can
be used. The thickness effect on the prying force for bolted flange connection with the
bolts positioned outside the profile perimeter was shown by Liu et al. [5]. The study
also presented flange thicknesses, bolt edge distances, flange edge widths, and bolt hole
diameters influence, both experimentally as well as numerically.

For high levels of forces, inner and outer bolts can be used for the flange connection
of hollow sections as presented by Li et al. [6]. This connection exhibits a more direct
stress distribution.

Another improved connection was presented by Deng et al. [7], the external double-
layered flange connection, which overcomes the brittle fracture and the lamellar tearing of
traditional flange connections.

Such connections are highly used for steel antenna towers [8] either for unipole or
truss configurations, and for modular steel constructions and the joints types presented
in [9]. Among these connections, the hidden joints are of interest due to their aesthetic
aspect. Due to the small distance between the compressed area and the tensioned bolt, the
rigidity of such connections is limited, and the joint is considered a semi-rigid joint. For
structures with semi-rigid joints, the real deformation of the structure is obtained only if
the rigidity of the joints is considered. The influence of the axial and bending level on the
rigidity of the semi-rigid joints was presented in [10].

Structures with hollow sections require supplementary strength for seismic design.
An innovative dismountable joint based on container corner fitting is proposed by Lian
et al. [11] and its seismic performance is investigated based on FE analysis. The study
showed a simplified connection that substitutes the bolt modeling with multiple connectors.

The stability of square hollow sections in comparison to concrete-filled steel tubes
used in the case of modular construction was presented by Chen et al. [12] for which the
connections are also similar to the section dimensions. These connections usually use high-
strength bolts, but a 20% lighter cast-steel connector can be used without compromising
the strength needed to satisfy the design loads [13].

In a numerical study, Urbonas and Daniunas [14] showed that the inclination of the
beam, and quantity and location of bolts have a significant influence on joint rigidity.

The aesthetic aspect of the element can be maintained using an end plate with the same
perimeter as the hollow profile as presented by Both et al. [15], where the failure modes,
both welding and bolt failure, were also highlighted after an experimental testing program
on in-line connections of rectangular hollow sections. This configuration is susceptible to
lamellar tearing [16]; thus, the current studied configuration eliminated this risk.

In addition, the prying forces developing in these connections represent a risk factor,
and the force in the bolt can be calculated using the relations developed by [17]. The current
configuration eliminates the development of the prying forces as the end plates are not
in contact.

Based on the classical strain iteration algorithm for cross sections, in practice, the
assessment of the capacity can be determined using the method developed by Stephan and
Stutzki [18]. The method is suitable for computer programs but the magnitude of the joint
separation in the tensioned area is not available, although it can be a serviceability criterion
for design.

These in-line connections are mostly used for axial force transfer between the elements,
but bending can also occur. Thus, the response of these joints to flexural loading is necessary
to be studied either for the resistance or for the deformation.

The paper presents the response of an in-line bolted connection with the end plate
positioned inside a rectangular or circular hollow section at 2 mm from the profile end
plane, with access through a hand hole. Based on experimental results, a numerical model
is defined using the finite element method. After the validation of the numerical model
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based on the experimental results, a parametric investigation is conducted to study the
influence of the access hole, the preload level, the end plate thickness, and the axial force.

2. Materials and Methods (Experimental Tests)

As the results of the numerical simulation are based on experimental results, the
following relates to the testing data.

Two tests were performed on each rectangular hollow section (RHS) and circular
hollow section (CHS) specimen subjected to bending. The length of the specimen was
different resulting in the loading position and the boundary conditions presented in Figure 1.
Both supports allowed free rotation while only one allowed horizontal displacements.
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Figure 1. Static scheme for: (a) RHS; (b) CHS.

Each tested specimen implied two assemblies connected in the middle of the span.
The rectangular specimens considered the RHS250 x 150 x 8 profile, with the details of the
specimen presented in Figure 2.
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Figure 2. Details of RHS specimen.
The circular specimen considered the CHS114.3 x 10 profile, with the details of the
specimen presented in Figure 3.
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Figure 3. Details of CHS specimen.

Each element assembly had a cut of 150 mm long and a width of 110 mm and 74 mm
for the RHS and CHS specimens, respectively. The RHS was connected using four M20 gr.
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10.9 bolts, while the CHS was connected by one M24 gr. 10.9 bolt. The torque wrench was
set to introduce a 130 kN preload force.

It must be mentioned that the end plates had a thickness of 25 mm and were inserted
in the profiles at a distance of 2 mm from the profile end, to allow perfect contact between
the hollow sections and avoid contact between the welding of the end plates.

The entire setup of the experimental tests is presented in Figure 4. A supplementary
structure (yellow structure) was assembled to avoid out-of-plane displacements of the
actuator and the specimens.

Loading
beam

Support
LvDT

.. i Support |§
! o VDT |
; i) » b
1 y v
Connection
LvDT

Figure 4. Test setup.

The recordings of the experimental tests consist of the vertical displacements at the
supports and midspan, and the force obtained from the actuator. The vertical displacements
were measured by linear variable displacement transducer (LVDT) while the force was
measured by the actuator load cell.

The transmission of loading forces was achieved by means of devices that allowed
the loading points to rotate freely. In the case of RHS profiles, the device contains a roller
and parts to distribute the load over the entire width of the upper flange, Figure 5a, while
for CHS profiles, a steel part was cut out to transmit the loads to the upper contour of the
profile, Figure 5b.

154.3

20 ‘ 114.3 ‘ 20
715 |, 7715
154.3

(b)

Figure 5. Loading devices for: (a) RHS; (b) CHS.

The mechanical properties of the base material were determined according to ISO 6892-
1[19] on two specimens extracted from the specimen profiles as presented in Figure 6. Due
to the available equipment, the specimens from the bolts were manufactured as presented
in Figure 6¢ and they do not respect the proportionality factor.
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Figure 6. Tensile tests specimen for: (a) RHS; (b) CHS; (c) bolts.

The material characteristic curves are presented in Figure 7 where a small ductility is
observed for the material of the CHS profile. Because the bolt tensile specimen is smaller
than the standard specimen, the elongation of the material cannot be considered similar to
the base material of the profiles.
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Figure 7. Base material characteristic curves for: (a) RHS; (b) CHS; (c) bolt.

A major necking was observed for the material of the RHS profile compared to the
necking of the material of the CHS profile in Figure 8, which explains the small ductility of
the CHS material in the characteristic curve.

(@)

(b)

Figure 8. Fracture of the tensile specimens for: (a) RHS; (b) CHS; (c) bolt.

(©

Based on the testing recordings, the following yield point and tensile strength were

determined:

e  441-553 N/mm?—RHS;
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e  496-535 N/mm2?—CHS;
e  396-516 N/mm2—end plate;
e 1119-1184 N/mm2—bolt.

By transforming the characteristic curves into true stress-true strain, using the relations
provided by Eurocode 1993-1-5 [20], the final value of the tensile strength used in the
numerical model is 605, 564, 557, and 1231 N/mm?, for the RHS, CHS, end plate and bolt,
respectively.

The secondary interest of the experiments is the joint separation of the two hollow
sections. Due to bolt pretensioning, the hollow sections should not separate immediately
after loading. This parameter represents a serviceability limit state criterion. To monitor
the joint separation, the digital image correlation (DIC) technique was employed with the
system provided by isiSys GmbH. Black dots on a white background were applied on
the tensioned side of each specimen to obtain the speckle pattern, Figure 9. Two virtual
extensometers were defined by connecting two virtual gauges defined on each side of
the connection.

(b)

Figure 9. (a) Speckle pattern for RHS; (b) speckle pattern for CHS; (c) setup for the DIC system.

The DIC allows the displacement monitoring of the virtual gauges and the distance
between them by using VIC Gauge 3D v7 software as well as the strain in the monitored
area by using VIC 3D on the images captured by the high-resolution cameras.

3. Materials and Methods (Numerical Simulations)

The finite element analysis was conducted using Abaqus 2017 [21] software. The
principle for using numerical analysis is to avoid expensive physical tests to evaluate the
effect of different parameters. Numerical analyses can be performed in various formulations
but the most effective is desired. An optimization has to be found between the precision
and the complexity of the model. The current study simulates the connection between
hollow sections which, from the experimental tests, was proven to reach the maximum
capacity at bolt failure. Because stability phenomena are not influencing the response of
the assembly, the standard static analysis is employed and, as it will be shown, will provide
accurate results. Based on the validated model which provides similar results as the data
recording during the experiment, the effect of the access hole, bolt preload, and end plate
thickness is assessed.

Three-dimensional solid elements were defined as parts of the assembly similar to
the entire experimental specimen (Figures 10 and 11 for RHS and CHS, respectively). The
static, general solver was employed for the analysis during loading.
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®
' (b)

Figure 10. Finite element model for RHS: (a) individual parts; (b) assembly.

(b)

Figure 11. Finite element model for CHS: (a) individual parts; (b) assembly.

(a)

The material properties considered an elasticity modulus of 210,000 N/mm? while the
strength and deformation were defined with the true stress obtained from the tensile tests
as presented in Table 1.

Table 1. Mechanical properties for the finite element model.

Material Yield Stress Rpo.2 True Tensile Strength R Percentage Plastic Extension at
[N/mm?] [N/mm?] Maximum Force Ag [%]
t = 8 (RHS) 441 605 8
t = 10 (CHS) 496 564 4
End plate 396 557 10
Bolt 1119 1231 5

The contact interaction was defined for normal and tangential behavior. The tangential
contact defined with a Penalty friction formulation, with isotropic directionality, and a 0.1
friction coefficient. The theoretical relation for such contact is given in Abaqus Documenta-
tion [21] with an equivalent tangential stress being less than the critical tangential stress
which is proportional to the contact pressure by the friction coefficient, see Equation (1).
The stiff elastic behavior was modeled by the stiff elastic behavior for which the condition is
not applied pointwise but weighted over a small area. This allowable maximum elastic slip
is considered the default value of 0.5% of the average length of all contact elements [21].

Teg = 1/ 712 +722 < WP = Terit 1)

For the normal behavior, the Hard contact formulation was selected with the default
direct method as a constraint enforcement method which attempts to strictly enforce a
given pressure—overclosure behavior per constraint, without approximation or use of
augmentation iterations. In addition, separation after contact was allowed.

The contact was defined as surface-to-surface interactions for the following pairs: bolt
head and first end plate, bolt nut, and second end plate, hollow section ends in contact
(Figure 12).
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(@)

(b)
Figure 12. Contact interactions: (a) RHS; (b) CHS.

A pinned and a roller support were defined at the assembly ends using a coupling
constraint controlled by a reference point (Figure 13).

(a) (b)

Figure 13. Support conditions: (a) RHS; (b) CHS.

The loading areas are defined also in a kinematic coupling constraint controlled by
reference points which have an imposed vertical displacement of 50 mm (Figure 14).

(@) (b)

Figure 14. Loading areas for: (a) RHS; (b) CHS.

The end plate was connected to the RHS or CHS profile using the Tie constraint.
Supplementary, contact interactions are necessary to be defined between the bolts and the
end plate, and between the two hollow profiles which are in contact.

The contact interaction was defined as normal and tangential behavior, allowing
separation after contact. The tangential contact was defined with a 0.1 friction coefficient.

Each part was meshed with C3D8R (an 8-node linear brick, reduced integration,
hourglass control) finite element type. The size of the element was approximately 5 mm,
with smaller elements being defined for the bolts, allowing 2 elements on the thickness of
the hollow element wall (Figure 15). In order to reduce the computation time, the length of
the finite element in the longitudinal direction was increased.
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(a) (b)
Figure 15. FEM mesh for parts: (a) RHS; (b) CHS.

For the bolts, a preload of 130 kN was defined in a separate step before the applied
load, analyzed in a static step. The preload propagation was modified to “Fix at current
length” for the following analyzing steps, to allow the development of internal stress in the
bolts due to bending of the specimen.

4. Results
4.1. Experimental Results

From the recordings of the experimental tests, Force-Displacement curves were ob-
tained as presented in Figure 16. Of course, the capacity of the RHS is bigger than the
capacity of the CHS as well as the rigidity. It must be mentioned that the observed failure
mode for both sections was bolt failure but the RHS specimen showed a redundant behavior
due to the number of bolts, while the CHS specimen had a brittle failure mode, after the
shank fracture the entire assembly could not resist any force. The failure mode of the bolts
used in the RHS connection is the thread stripping while for the CHS connection is the
shank fracture, as presented in Figure 16.

350 60

40 0 10 20 30 40 50 60 70 80
D [mm]

(b)

Figure 16. Force displacement curves and failure modes: (a) RHS; (b) CHS.

The DIC results are presented in Figure 17. Comparing the two graphs, it is observed
that the increased rigidity of the RHS maintains the profiles in contact for a significant
amount of force, approximately 50% of the maximum force. On the other hand, the CHS
connection starts to separate in the tensioned area from the initial stage of loading.
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Joint separation [mm] Joint separation [mm]

(a) (b)
Figure 17. Joint separation recorded during experiments: (a) RHS; (b) CHS.

It must be mentioned that the separation is recorded after the pretensioning of the
bolts which means that the initial compressive stress in the hollow profiles is not captured
by the DIC system. Nevertheless, the compressive deformation of the profiles due to bolt
pretension has a small value which can be determined by the numerical analysis.

4.2. Numerical Results

With the aforementioned parameters of the numerical model, the results of the finite
element analysis are presented in Figure 18. The results of the numerical analysis follow
in good accordance with the experimental results; thus, the model is considered to be
validated for further studies.

60
T 50 |
40
4
X, 30
('S
---RHS_2 20 --- CHS_1
—FEM 10 —FEM
0
10 20 30 40 0 10 20 30 40 50 60 70 80 90
D [mm] D [mm]
(a) (b)

Figure 18. Experimental vs. FEM analysis: (a) RHS; (b) CHS.

The FEM model allows the assessment of stress distribution within the connection
and furthermore, the bolts (Figure 19). Due to the flexibility of the end plate, a nonuniform
distribution of the stress is observed on the profile contact for RHS, opposite to the CHS
where the preload leads to a uniform pressure between the two profiles. Even in this stage,
the bolts of the RHS connection are subjected to bending.

(a) (b)

Figure 19. Stress caused by preload in the profile and in the bolts for: (a) RHS; (b) CHS.

By extracting the longitudinal displacements of the nodes close to the connection
and adding the absolute value of the displacements of the two nodes, the joint separation
was obtained (Figure 20). It must be mentioned that the preload introduced an initial
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deformation of 0.045 mm and 0.004 for the RHS and CHS, respectively. These values were
subtracted from the final joint separation as the deformations in the experiment were not
included in the recordings of the DIC system.

60
50
40
30
—RHS_1 20
—FEA 10

0
05 1 15 2 25 3 0 6

2 4
Joint separation [mm] Joint separation [mm]

(a) (b)

Figure 20. Joint separation: (a) RHS; (b) CHS.

F [kN]

—CHS_2
—FEA

For the RHS, the joint separation obtained by the FEA closely follows the recordings
during the experiment, especially the first stage of the experiment where the two profiles
are kept in contact. The CHS connection response obtained from the FEA is similar to the
RHS analysis, showing an initial stage where the profiles are in contact, a phenomenon that
was not observed in the experiment of CHS.

4.3. Parametric Study
4.3.1. Hand Hole Effect

A continuous hollow section was defined to study the influence of the hand-hole
necessary for bolt assembling. This handhole is commonly covered by a plate connected by
2 small screws to plates welded to the interior of the hollow walls.

The results show an increased rigidity of the assembly but a similar maximum force
for both RHS and CHS (Figure 21).

RHS CHS
60
_________ 50
40 T
E30
- - -with hole o 20 - - -With hole
——without hole 10 —— Without hole
0
10 15 20 25 30 35 40 0 10 20 30 40 50 60 70 80 90
D [mm] D [mm]
(a) (b)

Figure 21. Hand hole effect: (a) RHS; (b) CHS.

4.3.2. Bolt Preload Effect

Bolt preload is required to have contact between profiles and perfect alignment at the
time of assembling the structure. The RHS connection allows several bolts to be used while
the CHS connections, which are usually of smaller sections, allow the use of one bolt. By
considering different levels of preload, 0.3 x, 0.5 x, and 0.7 x Fy, where Fy is the nominal
grade 10.9 yield force, the effect of the bolt preload was studied. A slightly significant
increase of rigidity was observed for the RHS connection with the bolt preloaded at 200 kN,
while for the other cases, the change of rigidity is neglectable, Figure 22.
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350 RHS 50 CHS
300
40
250
g‘ 200 g 30
w 150 w 20 —03Fy
100 —05Fy
---0.7Fy
0 0
0 5 10 15 20 25 30 35 40 0 10 20 30 40 50 60 70 80 90
D [mm] D [mm]
(a) (b)
Figure 22. Bolt preload effect on capacity: (a) RHS; (b) CHS.
Although the bolt preload effect on the capacity and the rigidity of the specimen is not
significant, the joint separation, which is a serviceability criterion, is improved for the CHS
connection, as depicted in Figure 23.
350 60
300 50
_ 250 40
i 200 g 20
T 150 w
100 —Preload 0.5 Fy 20
50 —~Preload 0.7 Fy 10 —Preload 0.4 Fy
0 0 —Preload 0.7 Fy
0 0.5 1 1.5 2 25 3 0 1 2 3 5
Joint separation [mm] Joint separation [mm]
(a) (b)
Figure 23. Bolt preload effect on joint separation: (a) RHS; (b) CHS.
4.3.3. End Plate Thickness Effect
Although the two connections have different capacities, the end plate thicknesses
considered for the parametric study were in the same range due to constructional reasons.
A significant loss of capacity is observed for the RHS connection although the initial
rigidity is maintained at the same value. The CHS connection shows a 10% loss of capacity
for similar plate thicknesses but for lower thicknesses the capacity reduces drastically,
Figure 24.
CHS
350 RHS 50
o0 - w0 ez=mmEsaa
250 =
g 20 2> t=10
= 150 ——t=15mm w 20 T—mm
100 L =0 —t=15mm
50 =<ymm 10 ——t=20mm
0 - --t=25mm 0 - - —t=25mm
0 5 10 15 20 25 30 35 40 0 10 20 30 40 50 60 70 80 90 100
D [mm] D [mm]
(a) (b)

Figure 24. End plate thickness effect: (a) RHS; (b) CHS.

Similarly, the rigidity of the connection starts to decrease after 50% of the maximum
force. Due to the singular bolt of the CHS connection, the curve shows an increased
softening with the smaller thickness.
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5. Discussion

The current study intended to highlight the response, in terms of capacity and joint
separation, and the failure mode of an in-line connection for rectangular and circular hollow
sections with an end plate welded inside the tubular section. In such a configuration the
bolted connection is not visible leading to an aesthetic visual effect. Similar studies were
performed in the literature [15], with the end plate having external dimensions similar to
the hollow section, resulting in a connection prone to welding failure.

Nevertheless, with a reduced lever arm of the bolts to resist the bending deformation
of the joint, the capacity of the connection is limited. Experimental tests were conducted
on two similar specimens for an RHS of 250 x 150 x 8 with an end plate of 25 mm and
four bolts M20 gr. 10.9 and two specimens for a CHS of 114.3 x 10 with an end plate of
25 mm and one bolt M24 gr. 10.9. The two tests lead to similar results showing trustful
results. By applying two symmetrical forces with respect to the connection, pure bending
was the only internal force in the connection. The tested specimen was monitored by linear
displacement transducers to obtain the midspan deflection while the force was monitored
by the actuator loadcell. To record the joint separation, the digital image correlation
technique was employed. Tensile tests were also performed to obtain the real mechanical
properties of the base material of the RHS, CHS, and bolt.

From the experimental tests, the failure mode of the connection was observed in
Figure 16. Both typologies failed by bolt fracture but the RHS, due to the multitude of
bolts, experienced a safer collapse of the connection while the CHS profiles, connected
by one bolt, completely detached from the connection. Force displacement curves were
obtained from the acquisition system and joint separation was measured by the virtual
extensometers of the DIC system.

The results of the experimental tests represent the basis of the numerical simulations
performed by Abaqus [21]. As the failure mode of the specimens is bolt failure, static
general analyses lead to satisfactory results if the preload force in the bolt was introduced.
With the real material properties, the numerical analyses of the specimens showed good
agreement with the experimental results both in terms of rigidity and capacity (Figure 18).
By comparing the joint separation recorded by the DIC system to the FEM model, the
RHS specimens also showed a good agreement, with minor separation until 35% of the
maximum force, while, experimentally, the CHS connection started separating immediately
after load application although numerically, the preload limited the separation until 20% of
the maximum force applied.

The validated numerical models were then used for a parametric study considering:
(i) the existence of an access hole for the bolt tightening, (ii) bolt preload, and (iii) end plate
thickness.

A small increase of the capacity was observed for the specimens without the access
hole, as the weak component was the bolt resistance, but a significant decrease in the
deformation was observed especially for the CHS (Figure 21). Of course, the decreased
rigidity due to an access hole was the proportion of the missing material in the position of
maximum bending moment. For the maximum force applied, an increase of 9% resulted
for the CHS while the RHS had a similar capacity.

For the three levels of preload, 0.3, 0.5, and 0.7 of the nominal yield force of the bolts
used in the connection, M20 gr 10.9 and M24 gr 10.9, for the RHS and CHS, respectively,
the flexibility of the end plate for RHS led to a neglectable influence on both rigidity and
capacity of the connection, but the joint separation was reduced for the CHS, which has
a more rigid end plate compared to the area of the cross-section of the hollow section
(Figure 22).

The major influence on the connection response was represented by the end plate
thickness. For flexible end plate 10 mm for CHS and 15 mm for RHS, the capacity was
reduced by 34% and 32%, respectively. In the numerical simulation, although the contact
was maintained for the first 20% of the maximum force, the joint separation was almost
three times larger than for a rigid end plate (Figure 24).
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The maximum forces obtained for different levels of preload and for the end plate thick-
ness are summarized in Figure 25. The previously mentioned observations are observed in
these graphs.

350
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300 e ememmm——en oo P
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Z 200
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0.3 Fy 0.5 Fy 0.7 Fy t=10mm  t=15mm t=20mm t=25mm
Bolt preload End plate

(@) (b)
Figure 25. Maximum forces: (a) bolt preload; (b) end plate thickness.

The standards do not offer explicit design methods for these in-line connections
although their use is becoming greater for aesthetic reasons. Based on the method presented
by Stephan and Stutzki [18], the computer program GAS [22] allows the design of the
connection but it does not offer any information about the joint separation. An estimation
of the deformation in the joint can be related to the position of the neutral axis provided by
the program. In Figure 26, the neutral axis for the RHS and CHS connections are presented
considering the material properties obtained in the tensile tests and the preload of the bolts
in the experiment. The defined bending moments to reach this position of the neutral axis
were 41.5 and 5.25 kNm for the RHS and CHS, respectively. By determining the values of
the bending moment according to Figure 1, the values corresponding to the inflection point
in Figure 20 are 42.9 and 4.6 kNm. It can be seen that the values were very close; thus, the
numerical model can predict the joint separation.

-169.5 -169.5

0.0 z 0.0

Figure 26. Position of neutral axis according to [18]: (a) RHS; (b) CHS.

Although the discussions were focused on RHS and CHS, it must be mentioned that
the two typologies are related to the size of the elements. The small size of rectangular
hollow sections can also be used with only one bolt for the connection, and large circular
hollow sections can have several bolts connecting the end plate inserted in the hollow
section.

6. Conclusions

Depending on the purpose of the structure, the response of the in-line connection
of hollow sections can relate to capacity, rigidity, and/or joint separation. The current
study presents a feasible configuration of the in-line connection for which a continuous



Mathematics 2023, 11, 3416 15 of 16

aspect of the connected elements can be obtained. Without a standardized design method,
it is shown that a simple numerical model can predict the response of the connection as
validated based on the experimental results and analytical formulation.

Depending on the size of the element one or several bolts can be used for the connec-
tion. The connections using one bolt are prone to catastrophic failure as the connection has
no redundant links.

The parameters affecting the capacity and the rigidity of the connection are the end
plate thickness while the access hole and the preload affect in a small amount only the
rigidity.

The parameters affecting the joint separation are the preload, if the end plate is not
flexible, and the end plate thickness. Without a great material expense, a rigid end plate
can reduce the joint separation as well as a controlled preload of the bolt.

Either rectangular or circular hollow section, the size of the element dictates the
connection configuration which in any case has a smaller capacity than a continuous
element due to the bolted connection, or a smaller rigidity due to the access holes.
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