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ABSTRACT

ARTICLE HISTORY

To meet the demands of intelligent and green construction, the development of automatic construction devices is of practical
significance. In this study, a novel connection joint was designed for its supporting column and investigated experimentally
and numerically based on static load tests, which were carried out on five joint specimens with different axial pressure

ratios, flange thicknesses, and insertion depths. It was found that the failure of all specimens was due to the bolted

connection, especially the failure of the thread. However, no apparent damage was found on the tube wall of the joint,
indicating that the damage mainly occurred at the bolt connection. Additionally, a finite element analysis (FEA) model was
established to investigate the joint's failure process, revealing intricate stress and strain conditions under loading. Notably,
the highest stress and strain were identified at the central bolt, indicating its critical role in joint failure. The parameters of
tube wall thickness and flange outside diameter in the finite element model were analyzed, and the results showed that 10
mm wall thickness and 252 mm outer diameter of flange were the best choices. This study may provide an experimental
and numerical basis for the practical application of automatic construction devices.
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1. Introduction

Currently, the civil construction industry is facing various challenges,
including substandard construction site conditions, high hazards, environmental
pollution, and elevated construction costs [1-4]. Increasing automation in the
construction process is a vital strategy to address these issues. The development
of automation and intelligent technologies has significantly changed the
construction industry [5-9]. Various construction robots, such as wheeled robots,
wall-building robots, and welding robots, have been invented by researchers.
Advanced automation devices have played a critical role in protecting workers
from hazardous and physically demanding tasks [10] while markedly increasing
productivity [11]. However, these robots are generally limited to specific tasks
within the construction process. To further enhance automation across the entire
construction process, improve working conditions, and reduce costs, highly
integrated automated construction devices have been progressively applied by
various countries since the late 20th century [12-17]. These devices aim to
increase the overall automation level of the construction process.

In the last century, an automated construction device known as Big Canopy
was developed in Japan [13], which was used in the construction of concrete
buildings. This device utilized precast concrete (PC) components installed using
remote control, significantly reducing the required labor force. Bar codes
marked on the components enabled precise monitoring of their positions during
construction, significantly improving construction efficiency. In recent years,
several automated construction devices have been independently developed in
China [17, 18]. These devices predominantly use cast-in-situ reinforced concrete
to ensure structural stability and safety. Material transport, formwork operations,
and concrete pouring are all controlled by computer programs. This high level
of automation has significantly enhanced construction efficiency and reduced
costs. However, deficiencies remain in the design of the connection joints of the
support columns in current automated construction devices. These joints do not
adequately support the continuous lifting of support columns as building height
increases. Additionally, the connection process of the support columns presents
many inconveniences, resulting in low installation efficiency. Given the existing
issues of the support column device in the current automatic construction device,
a new type of joint has been designed in this paper, which aims to enhance the
automation level of the automatic construction device.

There have been numerous researches on beam-column connection joints,
which share similarities with the support column connection joints in automatic
construction devices in terms of structural form and mechanical characteristics.
For steel beam-column joints, researchers have studied different configurations
of reinforced panels and flange panels to identify joints with enhanced energy
consumption [19-23]. Some researchers have introduced replaceable energy
dissipation devices at beam-column joints to enable repairability in case of joint
damage. Test results have shown that these devices exhibit good energy

dissipation capacity and repairability [24]. Another connection method involves
the use of sleeves and bolts for convenient installation. Zhang et al. [25]
proposed a design method for core tube flange column joints, where the
separation of connecting flange plates was further controlled by incorporating
prestressed tendons into the column joints, yielding positive outcomes in joint
performance. Fan et al. [26] presented a square steel tubular column-column
joint with a blind bolt connection. The upper and lower columns were connected
to the joint using four connecting plates and bolts, verifying good sliding
resistance and ultimate bearing capacity.

The demonstration project of an automatic construction device currently
utilizes a joint connection form depicted in Fig. 1. However, the connection
exhibits relatively low connection strength as it only relies on the three bolts
within the connection. Additionally, the necessity for attaching the connecting
bracket to the building entails drilling into the concrete. These requirements
render field installation both inconvenient and time-consuming.

This study proposed a novel connection joint designed explicitly for the
automatic construction device, aiming to elevate its automation level, as
illustrated in Fig. 2. The primary objective of this design is to enhance the
installation convenience of the lifting column standard section while
accommodating the lifting requirements of the support column. During
installation, the bolt holes automatically align when the four corners of the upper
and lower lifting column standard sections are properly aligned and inserted.
The two lifting column standard sections are then connected by bolts. This joint
design not only facilitates easier installation but also meets the demands of the
support column lifting installation inherent to the automatic construction device.
Furthermore, a pulley has been integrated at the end of the horizontal support
frame of the automatic construction device, as illustrated in Fig. 3. This pulley
interfaces with the track affixed to the building, enabling the entire support
structure to be lifted upward as each lattice column standard section is installed
from below. This feature facilitates the construction of higher floors, enhancing
the overall efficiency and versatility of the device and also meeting the needs of
a high automation level of the automated construction device.

In this paper, the mechanical behaviors of the newly designed connection
joint, focusing on five steel joint specimens with distinct geometric parameters,
were systematically analyzed and compared. Both static load tests and finite
element analysis were employed to examine the mechanical properties and
failure modes of the specimens. The experimental data were subsequently
corroborated and expanded upon using finite element analysis to provide a more
comprehensive understanding of the performance of the joint under diverse
conditions, such as varying tube wall thickness and flange outside diameter. The
impact of these additional parameters on the mechanical properties of the joints
was estimated using the finite element method. By understanding the
performance of these joints under various conditions and parameters, it became
feasible to optimize their design and enhance the safety and reliability of the
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automatic construction device during construction operations.

Fig. 3 Schematic diagram of the lifting process of the automated construction device

2. Experimental study was assembled from two parts. The upper part, a seamless steel tube, was welded
to the flange-A at its bottom, while the lower part, also a seamless steel tube,

2.1. Test specimens was welded to the inserting portion with the flange-B at the welding site. Notably,
during assembly, the inserting portion, a top-closed seamless steel tube, was

A novel connection joint was designed to enhance the automation level of inserted into the cavity of the upper seamless steel tube at the joint. The upper

the automated construction device, as illustrated in Fig. 4. The connection joint and lower parts of the joint were then connected by eight high-strength bolts.
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Upper seamless steel tube

High-strength

Flange-A bolts

Flange-B
Inserting portion

Lower seamless steel tube

(a) Before assembly

460

Upper seamless steel tube

High-strength
bolts

Lower seamless steel tube

(b) After assembly

Fig. 4 Configuration of connection joint

Whether dealing with seamless steel tubes or flange plates, the curved outer
surface posed a challenge when connecting to the horizontal actuator of the
testing machine. To address this, a circular ring was welded on the outer surface
of the seamless steel tube at the upper part of the joint. Subsequently, a horizontal
connector was designed, as illustrated in Fig. 5. This connector, consisting of
two bolt-connected parts, formed a circular cavity that snugly encased the
welded ring on the upper part of the joint, thus facilitating the connection
between the horizontal actuator and the joint. Additionally, an end plate with
pre-designed bolt holes was welded to the top of the joint, enabling connection

End plate

Circular ring

Flange-C

Flange-D_ | hl

(a) Diagram of the flange and stiffener

to the vertical actuator. During loading, the material experienced increasing
bending moments further from the horizontal loading position, leading to
substantial bending moments at the bottom of the joint. A single-end plate
welded at the bottom of the joint proved insufficient, often resulting in weld
failure before the joint was fully stressed [27]. To overcome this, two flanges
(Flange-C and Flange-B) were welded at the bottom of the joint, and eight
stiffeners were interposed between them. These plates allowed eight bolts to pass
through, effectively securing the bottom of the joint.

End plate

Horizontal connector

Flange-C

Stiffener Flange-D

(b) Diagram of the connector

Fig. 5 Joint connected to the testing device

In this study, five steel joint specimens were tested. These specimens were
designed to have the same height and outside diameter as the seamless steel tube.
The length of the upper seamless steel tube of all specimens is 420 mm, and the
length of the lower seamless steel tube of all specimens is 470 mm. All
specimens are constructed from 20# seamless steel tubes specified in GB/T
8162-2018 [28], and all the flanges and stiffeners of all specimens are made of
Q345B steel specified in GB/T 1591-2018 [29]. For specific material properties,
see Tables 1 and 2.

The five specimens differed in the parameters of the flange-A and flange-B
thickness, the axial compression ratio, and the inserting portion depths. Notably,
the change in axial compression ratio was achieved by varying the vertical axial
force magnitude. These parameters significantly influenced the mechanical
properties of the joints [30-34]. The specific size parameters of all specimens
are shown in Fig. 6 and Table 3, where ¢ is the wall thickness of the seamless
steel tube, # is the thickness of flange-A and flange-B, and F is the magnitude

of the vertical axial force acting on the top of the joint specimen.

The axial pressure was estimated based on the specific application scenario.
By considering the combined dead weight of the entire framework, along with
the additional loads from the upper equipment, materials, and personnel, the
vertical force exerted at the bearing column joint has been calculated to be 600
kN. To analyze the structural performance under varying loads, two additional
vertical axial force values of 400 kN and 800 kN were selected. Regarding the
flange thickness, given that a range of 15-30 mm was typically utilized for steel
structure end plates and similar components, thicknesses of 20 mm and 30 mm
were chosen for further investigation [35-42].

Eight high-strength bolts between flange-A and flange-B are 10.9 s M10
ones [26]. A torque wrench was used to apply torque to the bolt. The designed
pretension was 55 kN, and the actual pretension ranged from 46.7 kN to 63.6
kN, calculated by the actual torque applying the bolt preload, according to GB/T
1231-2006 [43].



Xian-Feng Wang et al. 461
Table 1
Material properties of the steel plate
. Yield strength Ultimate .
0, 0,
Chemical component (%) (MPa) strength (MPa) Elongation (%)
C Si Mn P S Cu Nb
Steel 0.1600 0.2100 1.3900 0.0150 0.0020 0.0400 0.0030
407 555 26.5
Q345 Vv Ti Cr Mo Ni Als CEV
0.0010 0.0230 0.0400 0 0.0017 0.0005 0.4000
Table 2
Material properties of the seamless steel tube
Specification Chemical component (%) ; i
(Outer diameter * thickness.) Yleltivls]t; ength Ultlm::;t/([eps trength Elongation (%)
(mm) C Si Mn P S Ni Cr Cu (MPa) (MPa)
133*10 0.210 0.190 0.480 0.028 0.009 0.009 0.023 0.011 300 497 23
159*10 0.200 0.200 0.560 0.011 0.008 0.020 0.060 0.020 374 632 18
Table 3
Detailed information of the specimens (Fig. 6)
Specimen t (mm) h (mm) s (mm) F (kN)
No.
J-1 10 30 200 400
J-2 10 30 200 600
J-3 10 30 200 800
J-4 10 20 200 400
J-5 10 30 100 400
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(a) Section view of the specimen (mm)

(b) Top view of the specimen (mm)

Fig. 6 Structural diagram of a connection joint

2.2. Test setup and loading scheme

The experiment was performed in the Structural Laboratory of the College
of Civil and Transportation Engineering at Shenzhen University, as shown in Fig.
7.

The vertical actuator with a load capacity of 2000 kN was connected to the
top-end plate of specimens by eight high-strength bolts and exerted a constant
vertical force on the top of the specimens. Similarly, a horizontal actuator,
capable of exerting up to 1500 kN, was connected to the specimens by a
horizontal connector and applied a horizontal force or displacement.

Before the horizontal static loading test, an axial force was constantly
applied to the specimen by a vertical actuator throughout the entire test loading
process. The specimen was preloaded by the horizontal actuator, which first
applied horizontal thrust from 0 to 20 kN through the force control mode and
then unloaded to 0. The slippages between the steel plate at the lower fixed end
and each bolt were eliminated by the preloading process. A horizontal
displacement was then applied to the specimen by the horizontal actuator
through the displacement control mode, and a loading rate of 1 mm/min. The
loading process was terminated until the force applied was reduced to 85% of
the ultimate bearing capacity of the specimen.
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(a) Front view

(b) Lateral view
Fig. 7 Test setup for a connection joint

Note:

(a) Front view

(a) Front view

Displacement sensor

(b) Lateral view

Fig. 8 Displacement sensor layout of the specimen

Note:
‘Displacement sensor

Strain gauge

(b) Lateral view

Fig. 9 Strain gauge layout of the specimen
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2.3. Measurement scheme position, with the average value used as the horizontal displacement. Four

displacement sensors were placed around the lower fixed part of the specimen
to measure the buckling that might occur in the bottom plane of the specimen.
Each specimen in the study was outfitted with 16 strain gauges. These
gauges were strategically distributed on the outer surface of the circular tube of
the specimens. The precise locations of the strain gauges are depicted in Fig. 9.

The measurement scheme of the five specimens is identical, and the layout
of displacement sensors is shown in Fig. 8. The vertical height of the two
displacement sensors (DS-6 and DS-7) was the same, and they were placed at
the front and back sides to measure the horizontal displacement at the loading

(d)J-4 (e)J-5

Fig. 10 Rotation angle of the joints after loading. (In the figures, the green line represents the specimen's initial axial position, determined based

on the light emitted from a gradienter before the experiment. The orange line indicates the vertical line of the middle flange plate of the joint
specimen after the experiment.)
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Fig. 11 Load-displacement curves of the specimens

3. Experimental results During the experiment, different specimens exhibited varying rotation

angles upon the application of the horizontal actuator, as illustrated in Fig. 10.

3.1. Observed joint performance and discussion The angular difference between the green and yellow lines signifies the extent
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of the specimen’s rotation.

Notably, as the axial pressure ratio increased, the rotation angle of the joint
decreased sequentially from 8.8° to 7.8°, and ultimately to 7.2°, with
corresponding reduction rates of 11.4% and 18.2%, respectively, indicating a
diminishing rotational capacity of the joint. Conversely, reducing the flange
thickness of the joint by 10 mm significantly increased the rotation angle to
14.3°, a rise of 62.5%, thereby enhancing the rotational ability of the joint.
Furthermore, halving the length of the inserting portion of the joint reduced the
rotation angle to 5.4°, a decrease of 38.6%, thus weakening the rotational
capability of the joint. Observation of the test indicated that none of the
specimens exhibited apparent signs of damage after testing. However, during the
disassembly process, it was discovered that the bolts between flange-A and
flange-B in the middle of the joints had loosened.

3.2. Load versus displacement curves

The average value of the results of the two parallel displacement sensors
(DS-6 and DS-7) on both sides of the upper part of the specimen was taken as
the horizontal displacement of the specimen, and the load-displacement curve
of the specimen was drawn, as shown in Fig. 11. As the ultimate bearing capacity
of the specimen dropped to 85%, the test was stopped, so the load-displacement
curve only had a small decreasing section. However, in the actual loading
process of the specimen, the bearing capacity of the specimen showed a zigzag
and repeated decreasing trend. The yield displacement, yield strength, ultimate
displacement, and ultimate strength of each specimen were listed in Table 4.
Among them, yield displacement and yield strength refer to the transverse and
longitudinal coordinate values at the apparent turning point of the load-
displacement curve of the specimens.

From the load-displacement curves of each specimen, a linear segment
characterized the initial loading stage, indicating the elastic behavior of the
specimens. As loading progressed, the curves evolved into nonlinear segments,
reflecting the onset of local plastic deformation in the joints. In load-
displacement curves of the J-3 specimen exhibited a gradual decline compared
to the other four specimens, which showed a sharp decrease after reaching their
ultimate bearing capacity.

Table 4
Mechanical parameters of the specimens
L Yielding . Ultimate
Yielding . Ultimate .
No. displacement displacement
strength (kN) strength (kN)
(mm) (mm)

J-1 91.3 1.695 2109 20.209
J-2 139.1 1.873 234.6 18.711
J-3 146.3 2.082 206.0 16.591
J-4 93.6 2.724 177.8 26.580
J-5 84.1 1.771 116.2 12.345

With the progressive increment of axial pressure ratio, a significant
escalation in the yield strength of the joint was observed, rising from 91.3 kN to
139.1 kN, and ultimately reaching 146.3 kN, marking increases of 52.4% and
60.2%, respectively. Correspondingly, the yield displacement of the joint
demonstrated a parallel upward trend, registering increases of 10.5% and 22.8%.
These findings indicated a positive correlation between the axial pressure ratio
and yield strength and displacement within a defined range, with a notably more
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substantial influence on the yield strength. Conversely, the relationship between
axial pressure ratio and ultimate strength and ultimate displacement exhibited a
distinct pattern. As the axial pressure ratio increased, the change rate in ultimate
strength was relatively small, recorded at 11.2% and -2.3%, respectively. This
modest variation could be further influenced by potential eccentricity effects at
the initial stage, suggesting that axial force exerted a limited impact on the
ultimate strength of joints. Moreover, an increase in axial force was associated
with a continual decrease in ultimate displacement, indicating an earlier joint
failure. This was attributed to the influence of second-order effects caused by
the vertical load.

When the thickness of the joint flange was decreased by 10 mm, an increase
of 2.5% in the yield strength and a significant increase of 60.7% in yield
displacement were observed. The specimen exhibited a 15.7% decrease in
ultimate strength and a 31.5% increase in ultimate displacement when it reached
the limit state. These changes suggested that a reduction in flange thickness
markedly enhanced the ductility of the joint. Conversely, when the insertion
depth of the joint was halved, the yield strength of the specimen decreased by
7.9%, yield displacement increased by 4.5%, ultimate strength decreased by
44.9%, and ultimate displacement reduced by 38.9%. These results indicated a
substantial reduction in both the strength and ductility of the joint due to the
halving of insertion depth, an unfavorable outcome in practical applications.

3.3. Deformation curve of the bottom plate

Displacement measurements captured by sensors DS-1, DS-2, DS-3, and
DS-4 on the bottom plate of various specimens are shown in Fig. 12. According
to the positions of the four displacement sensors in Fig. 8, it can be found that
under ideal conditions, the values of the sensor DS-1 and DS-2 on the tension
side are the same and positive, while the values of the sensor DS-3 and DS-4 on
the compression side are the same and negative. If the values of the four
displacement sensors are not this law, it indicates that the bottom plate is bulging.

As shown in Fig. 12a and b, sensors DS-1 and DS-2, positioned on the
tension side of the material, registered positive values due to the base plate being
stretched upward. A reduction in the displacement on the tension side of the base
plate was observed as the axial pressure ratio increased. This reduction was
attributed to the downward force exerted by the axial pressure, which limited the
tensile displacement of the base plate. This observation aligned with the
phenomenon noted in the test, where an increase in the axial pressure ratio
resulted in a reduction of the rotation angle of the joint. For joint J-4, the
measurement values from DS-1 and DS-2 were significantly higher. This
indicated that a decrease in the thickness of the flange correlated with an
enhancement in the bulging of the bottom plate, consistent with the observed
increase in the rotation angle during the test. Fig. 12c and d demonstrated that
DS-3 and DS-4 were positioned on the compression side of the material, where
the bottom plate experienced downward compression, yielding negative
displacement values. For joint J-5, torsion of the specimen was observed,
causing a significant discrepancy between the measurements of displacement
sensors DS-1 and DS-2, and a positive displacement value for DS-3. As depicted
in Fig. 12c and d, the displacement measurements for each specimen did not
exhibit a clear pattern of regularity. This lack of uniformity was attributed to the
base plate not being perfectly planar, with bumps or depressions on its surface.
These irregularities resulted in non-uniform displacement when the bottom plate
was compressed. This issue was not observed on the tension side of the base
plate. This should be attributed to losing contact with the ground when the base
plate was stretched. Consequently, any surface defect on the base plate did not
influence its displacement under this condition.
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Fig. 12. Deformation displacement curve of the bottom plate. (In the figure, the horizontal coordinate is the average value of DS-6 and DS-7,
and the vertical coordinate is the measured value of DS-1, DS-2, DS-3, and DS-4, respectively)

3.4. Moment versus rotation curves

In the analysis presented in the abovementioned section, it was observed
that warping of the bottom plate resulted in an increased angle at the joint. To
accurately determine the actual rotational capacity of the joint and construct the
moment-angle curve, the rotation attributable to the buckling of the bottom plate
was approximately eliminated using methods depicted in Egs. (1) and Fig. 13.
Notably, due to the progressive horizontal displacement at the top, the ground
rotation center of the joint did not align with the central axis of the joint. Instead,
it shifted towards the compression area.

Ly Letly

0= E Ls (1)

where L; is the mean value of DS-1 and DS-2 displacement sensor; L,, is the
mean value of DS-3 displacement sensor and DS-4 displacement sensor; L, is
the mean value of DS-6 displacement sensor and DS-7 displacement sensor; Ly,
is the distance from the middle of the ring to the top of flange-C; L is the
distance between DS-1 and DS-4 (the distance between DS-2 and DS-3) that is
250 mm. 6 is the actual rotation of the joint.

The moment-rotation curves of the joints are shown in Fig. 14, and the
mechanical properties of each specimen are given in Table 5, where K|

represents the initial rotational stiffness of the joint (the slope of the line segment
in the moment-rotation curve), K; represents the tangent stiffness of the joint
(the tangent slope of the load-displacement curve at the initial stage of bending),
M,, represents the yield moment, 8, represents the yield rotation, M,, represents
the ultimate moment, 8,, represents the ultimate rotation.

_La
Ly
L’—r‘
L 1%1 — }"’:;Lp

Ls

Fig. 13 Definition of Ly, Ly, Lg, Ly, Lg

Table 5
Mechanical parameters of the specimens
Specimen K, K, Ky ) )
No. (KN-m/rad) (KN-m/rad) K, My (kN'm) Oy (rad) My, (kN-m) Ou(rad)
J-1 11615 2783 0.240 47.93 0.0037 110.72 0.0457
J-2 15944 4273 0.268 73.03 0.0038 123.17 0.0403
J-3 15973 1196 0.075 76.81 0.0047 108.15 0.0350
J-4 6037 1826 0.302 49.14 0.0073 93.35 0.0613
J-5 10509 732 0.070 44.15 0.0037 61.01 0.0313
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Fig. 14 Moment-rotation curves of the joints
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As axial pressure increased, the initial stiffness, yield moment, and yield
displacement of the joint rose, indicating enhanced elastic strength and
deformation capacity. Compared with specimen J-1, the ultimate bending
moment of the joint increased by 11.2% and subsequently decreased by 2.3%,
suggesting that the effect of axial pressure on the ultimate bending moment
initially escalated and then diminished under a specific axial force. A reduction
of 11.8% and 23.4% in the limit angle was observed, implying that higher axial
pressure precipitated the earlier failure of the joint. A notable decrease in the
stiffness of the specimen was observed once it entered the plastic state. As
evidenced in Table 5, an increase in axial force to 800 kN markedly reduced the
stiffness of the joint, with its tangential stiffness being just 0.075 times its initial
stiffness. Despite no significant variation in the load-bearing capacity of the joint,
this abrupt decline in stiffness invariably accelerated joint failure. A decrease in
the flange thickness of the joint resulted in higher yield bending moments and
angles, while the initial stiffness dropped by 48.0%, nearly halving. The ultimate
load-bearing capacity decreased by 15.7%, while its ultimate angle rose by
34.1%. This indicated a trade-off in the joint, sacrificing ultimate strength for
greater rotational capacity. The ratio of tangential to initial stiffness of the joint
rose to 0.302, indicating a lesser decrease in the stiffness of the joint. Halving
the insertion depth of the joint led to reduced load bearing and rotational
capacities, making it inadvisable in practical applications.
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4. Finite element analyses
4.1. Finite element model

The finite element models simulating the loading of joints were built as
shown in Fig. 15. The hexahedral element of twenty nodes was used to mesh
circular steel tubes, flanges, stiffeners, and bolts. The global mesh size was 10
mm, and the refinement size was 5 mm and 2 mm for the bolts and bolt holes.
In this study, the high-strength bolts were simplified into a dumbbell-shaped
solid model, and the bolt modeling excluded the gaskets. The stress-strain model
of steel and high-strength bolts is shown in Fig. 16. The elastic modulus of steel
and high-strength bolts was 206 GPa, and Poisson’s ratio was 0.3. The
pretension force within all the high-strength bolts in the finite element model
adopted a design value of 55 kN. In the finite element model, the bolt pretension
force was applied to the surface of the bolt rods. The boundary condition of the
lower part of the finite element model was simplified to consolidation,
constraining the displacement in all directions, in which the degrees of freedom
in the vertical direction of the upper part of the specimen and the rotation
direction of the bending plane were released.

(a) Overall joint model

(b) Lower part

(c) Upper part

Fig. 15 Finite element models for the proposed joint

m‘l"

Sy 37€y

(a) Stress-strain curve of steel

m"’

Sy 283,

(b) Stress-strain curves of high-strength bolts

Fig. 16 Constitutive model of the materials

4.2. Finite element model validation

The mechanical behavior of all five specimens was simulated using the
finite element method (FEM). Fig. 17 compared the load-displacement curves
between the test and finite element results for the specimens. The mechanical
parameters obtained by simulation and the comparison between test parameters
and simulation parameters are shown in Table 6. As can be seen from Fig. 17

and Table 6, the simulation results were in good agreement with the test results,
though there were still some gaps, which might have resulted from the initial
defects in the test specimens and the gaps between the combined structures.
Additionally, in the process of numerical simulation modeling, the simplification
of the bolt model in the simulation and the selection of the norm value of the
friction coefficient also contributed to the difference between the experimental
and simulation results.



Xian-Feng Wang et al.

250
225 4
200 +
175 A
~ 150
)
9 125 J-1 Test
5 J-1 FEM
B~ 100 —o— J-2 Test
E - 0-J-2FEM
75 4 —A— J-3 Test
] - A - ]J-3 FEM
50 4 —&— J-4 Test
- & - J-4 FEM
25 —*— J-5 Test
- # - J-5 FEM
0 T T T T T T T T T T
0 5 10 20 25 30 35

Displacement (mm)

Fig. 17 Comparison of load-displacement curves between test and simulation

Table 6
Comparison between test result parameters and simulation result parameters
Specimen No. J-1 J-2 J-3 J-4 J-5
Test results 57.08 58.98 61.77 46.92 51.92
K,
0 Simulation results 56.85 58.99 62.95 46.34 48.69
(kN/mm)
Deviation (%) -0.40 0.02 1.91 -1.24 -6.22
Test results 21091 234.61 206.00 177.81 116.20
Peak strength . )
) Simulation results 215.00 229.00 204.33 180.01 123.57
Deviation (%) 1.94 -2.39 -0.81 1.24 6.34
Test results 20.21 18.71 16.59 26.58 12.34
Peak displacement
Simulation results 20.45 19.04 17.96 27.52 13.60
(mm)
Deviation (%) 1.19 1.76 8.25 3.54 10.17

4.3. Finite element results analysis

The stress-strain distribution characteristics of each test specimen were
obtained via the aforementioned finite element simulation. For the joint
specimen, the middle bolt and the compression side of the lower steel pipe were

— ] ]

Middle bolt i
~ 7 Middle bolt
rﬂ- -ﬁ . .
L g/ Compression side of

4the lower steel tube

Bottom bolt =ep & B €= Bottom bolt

(a) Diagram of bolt position

identified as potential locations for higher stress and strain occurrence.
Therefore, the stress-strain distribution of these two places was analyzed and
was detailed below. The schematic diagram of the middle bolt and the lower
steel pipe compression zone is shown in Fig. 18.

B4 1

N -~ ©
B3 =0 | 4= B7

B2
Bl

(b) Numbering diagram of the middle bolts

Fig. 18 Position diagram of bolts and steel pipe pressure zone

As shown in Fig. 18, owing to the application of a horizontal force on one
side of the specimen, the material of the specimen was stretched on the side
facing the horizontal force and compression on the opposite side. Fig. 18(b)
presents the top view of Fig. 18(a). B1 to B8 represent eight middle bolts. Bolts
B2 to B4 experience tensile stress, whereas bolts B6 to B8 experience
compressive stress. The stress-strain analysis of the middle bolt below refers to
the bolt subjected to the most significant tensile force, the B3 bolt.

4.3.1. Stress analysis

The equivalent stress nephogram of the B3 bolt between flange-A and
flange-B for each tested specimen is shown in Fig. 19. The peak stress in
specimens J-1 and J-5 was observed to be centrally located within the bolt,
diminishing progressively towards the ends of the bolt. In contrast, in specimens
J-2 and J-4, the peak stress deviates slightly from the center. This variation is
attributed to the differing contact degrees between the bolts and bolt-hole walls
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during loading.
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Fig. 19 Equivalent stress nephogram of the B3 bolt between flange-A and flange-B

The maximum equivalent stress experienced by the B3 bolt between flange-
A and flange-B in each specimen is shown in Fig. 20. Notably, among specimens
J-1,J-2, and J-3, specimen J-2 exhibits the highest stress value 946.49 MPa. This
indicates that the correlation between axial pressure and the maximum
equivalent stress of the B3 bolt is not a direct linear relationship but exhibits an
extremum at 600 kN. A reduction in flange thickness resulted in an elevated
maximum equivalent stress at the bolt, reaching 950.96 MPa, 3.1% higher than
specimen J-1. When the insertion depth is halved, the maximum equivalent
stress of the B3 bolt escalated to 970.04 MPa, the highest among all specimens
examined and 5.2% higher than specimen J-1. It is evident that diminishing the
thickness of the flange, along with halving the insertion depth, induces
considerable stress in the B3 bolt.

The equivalent stress nephogram for the compression side of the lower steel
tube of each specimen is shown in Fig. 21. Examination of the figure reveals
that the maximum equivalent stress for specimens J-1 and J-3 is located near

flange-C at the bottom of the circular tube. In contrast, for specimens J-2, J-4,
and J-5, the location of the maximum equivalent stress is less distinct,
manifesting across a broader area.

The maximum equivalent stress identified in the compression side of the
lower steel tube of each specimen is shown in Fig. 22. The data analysis reveals
that specimens J-1, J-2, and J-3 exhibit similarly elevated stress levels.
Specifically, specimen J-2 registers the minimum stress value at 474.58 MPa,
while specimen J-3 records the maximum at 609.32 MPa. It is observed that
reducing the flange thickness of the specimen results in the lowest equivalent
stress on the compression side of the lower steel tube, measured at 356.05 MPa,
which is 29.6% lower than that of specimen J-1. Furthermore, halving the
insertion depth leads to a decrease in equivalent stress within this region to
367.31MPa, which is 27.4% lower than that of specimen J-1, although the extent
of reduction is less pronounced than that observed in specimen J-4.
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400

200

Maximum equivalent stress (MPa)

J-1 J-2

950.96 970.04

J-3 J-4 J-5
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Fig. 20 Maximum equivalent stress at B3 bolt between flange-A and flange-B of each specimen
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Fig. 21 Equivalent stress nephogram of the compression side of the lower steel tube
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Fig. 22 Maximum equivalent stress at the compression side of the lower steel tube of each specimen

A critical observation concerns the contrasting pattern in the maximum
equivalent stress observed at the B3 bolt compared to that at the compression
side of the lower steel tube. Notably, at the B3 bolt, the stress value under an
axial force of 600 kN surpasses those observed at 400 kN and 800 kN.
Conversely, the stress values at the compression side of the lower steel tube
exhibit an opposite trend. Furthermore, while reducing the flange thickness and
halving the insertion depth elevate the stress at the bolt, these modifications lead
to a reduction in stress at the compression side of the lower steel tube. This
inverse correlation underscores the intricate interplay between structural
alterations and their impact on the internal stress distribution within the

specimens.
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4.3.2. Strain analysis
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The equivalent plastic strain of each specimen on the compression side and
the B3 bolt at the turning point is shown in Fig. 23. It can be seen that plasticity
only occurs in a small part of specimens J-1, J-2, and J-3, and most of the other
parts do not enter the plasticity stage. Specimens J-1 and J-3 enter the plastic
state from the middle of the B3 bolt, while specimen J-2 enters the plastic stage
from the bottom of the steel tube near flange-C. The plastic development of
specimens J-1, J-2, and J-3 at the turning point obtained by numerical simulation
is in good agreement with the load-displacement curve obtained by the test, as
it is evident from the curve that the specimens are transitioning from the elastic
stage to the plastic stage at this time. The plastic development of specimens J-4
and J-5 is more complete, indicating that the plastic deformation of joints in the
numerical simulation occurs earlier than in the test.
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Fig. 23 Equivalent plastic strain nephogram of the joints on the compression side and the B3 bolt at the turning point

The equivalent plastic strain nephogram of the B3 bolt between flange-A
and flange-B for each specimen was shown in Fig. 24. As observed in the figure,
the plastic strain in specimens J-1 and J-5 is confined solely to the midsection of
the bolt. This localization of plasticity correlates with the observed stress
distribution within the bolt. Specimen J-3 exhibits minimal plastic deformation,
with only a small portion of the bolt undergoing plasticity. Notably, specimens
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J-2 and J-4 demonstrate plastic deformation throughout the entire bolt rod,
indicating a more widespread strain distribution under the applied conditions.
This variation in plastic strain among the specimens aligned with the differences
in stress distribution, highlighting the impact of structural and loading variations
on the deformation characteristics of the bolt.
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Fig. 24 Equivalent plastic strain nephogram of the B3 bolt between flange-A and flange-B

The maximum equivalent plastic strain value of the B3 bolt between flange-
A and flange-B of each specimen is shown in Fig. 25. As can be seen from the
figure, the maximum equivalent plastic strain value of the B3 bolt for specimens
J-1, J-2, and J-3 with different axial pressure parameters is at a low level, not
exceeding 0.1. When the flange thickness of the specimen decreases, the
maximum equivalent plastic strain at the bolt of the specimen reaches 0.1483,

which is 5.2 times that of the specimen J-1. After the insertion depth of the
specimen is halved, the maximum equivalent plastic strain at the bolt of the
specimen is 0.1259, which is 4.4 times that of the specimen J-1. In both cases,
the strain of the bolt reaches a considerable value, indicating relatively sufficient
plastic deformation.
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Fig. 25 Maximum equivalent plastic strain at the B3 bolt between flange-A and flange-B of each specimen
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The equivalent plastic strain distribution on the compression side of the
lower steel tube is shown in Fig. 26. It is evident from the figure that all
specimens have entered a plastic state. Specimens J-1 and J-4 exhibit plastic
deformation on both the upper and lower sides of flange-A and flange-B, and
the maximum plastic strain is observed at the bottom of the steel tube near
flange-C. The distribution of plastic strain in specimen J-3 is similar to specimen
J-1, with the maximum value of plastic strain also appearing at the bottom of the
steel tube near flange-C. The distribution of plastic strain in specimen J-3 is
similar to specimen J-11, with the maximum value of plastic strain also
appearing at the bottom of the steel tube near flange-C. However, no plastic
strain is evident on the upper side of flange-A. For specimen J-4, when the
plastic strain appears on the upper side of flange-A, there is no distinct extreme
value, and the plastic strain distribution is relatively uniform. The strain
distribution of specimens J-3 and J-5 is similar, with plastic strain only appearing
on the lower side of flange-B.

The maximum equivalent plastic strain on the compression side of the lower
steel tube of each specimen is illustrated in Fig. 27. It is evident from the figure
that as the axial pressure on the specimen increases, the plastic strain of the
compression side of the lower steel tube increases. This is due to the rise of the
axial pressure acting on the top of the joint. The magnitude of the axial pressure
directly affects the stress condition at the bottom of the joint. The maximum
equivalent plastic strain of specimen J-4 reaches 0.0532, which is 51.6% larger
than specimen J-1. Reducing the thickness of the flange increases the plastic
strain on the compression side of the lower steel tube of the joint. The maximum
equivalent plastic strain of specimen J-5 is 0.0290, which is a reduction of 17.4%
compared to specimen J-1. Reducing the inserting depth decreases the plastic
deformation on the compression side of the lower steel tube of the joint.

5. Parametric analysis

To further investigate the influence of various parameters on the mechanical
strength and rotation capacity of the proposed joints, multiple sets of specimens
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were prepared in each group for numerical analysis, considering the two
parameters of tube wall thickness and the outside diameter of flanges A and B.

5.1. Effect of tube wall thickness

Seven joint specimens with varying tube wall thicknesses were analyzed
using the finite element method. The tube wall thicknesses are 6 mm, 8 mm, 10
mm, 11 mm,12 mm,13 mm, and 14 mm, respectively. All other parameters of
the specimens are identical to those of specimen J-1. The specific sizes of all
specimens are shown in Table 7.

The moment-rotation curve derived from the numerical simulation results
of the specimens is shown in Fig. 28. The Farthest Point Method was adopted
[44] to determine the mechanical properties of the joints, as shown in Fig. 29,
and the initial stiffness, yield moment and corresponding yield rotation, and
ultimate moment and corresponding ultimate rotation of each joint were given,
as shown in Table 8.

The data presented in Table 8 clearly show that the mechanical parameters
of the joints exhibit a specific trend as the joint wall thickness increases. Initially,
as the wall thickness increases from 6 mm to 10 mm, all the mechanical
parameters, including the initial stiffness, yield moment, yield rotation, ultimate
moment, and ultimate rotation, continuously increase, reaching a local
maximum value at 10 mm. This indicates that a thicker wall enhances the overall
mechanical performance of the joint. However, a different pattern emerged as
the wall thickness increased from 10 mm to 12 mm. In this range, all the
mechanical parameters of the joint start to decrease continuously, reaching a
local minimum value at 12 mm. This indicates that there is an optimal range for
the wall thickness, beyond which increasing the thickness is not advantageous
for enhancing the mechanical properties of the joint. Interestingly, when the wall
thickness increased from 12mm to 14 mm, the mechanical parameters of the
joint started to increase again, continuing to rise and reaching the maximum
value at 14 mm. This suggests that there may be additional benefits to increasing
the wall thickness beyond the optimal range.

Table 7
Detailed information of the specimens
Specimen No. t (mm) h (mm) F (kN) s (mm)

J-t-6 6 30 400 200
J-t-8 8 30 400 200
J-t-10 10 30 400 200
J-t-11 11 30 400 200
J-t-12 12 30 400 200
J-t-13 13 30 400 200
J-t-14 14 30 400 200

Note: The naming rule of the seven specimens is J + t + tube wall thickness, where J stands for joint and t for wall thickness.
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Fig. 28 Moment-rotation curve of the joints
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Fig. 29 Farthest Point Method for determination of yield points of members

Table 8
Mechanical properties of the specimens
SpeNCLmen Ko(kN'mirad) M, (kN'm)  8,(rad)  M,(kN'm)  6,(rad)
J-t-6 4428 2.69 0.00061 26.50 0.03017
J-t-8 8788 32.56 0.01103 50.58 0.03970
J-t-10 12395 58.03 0.01119 90.54 0.04040
J-t-11 11957 55.63 0.00965 82.15 0.03807
J-t-12 11815 52.85 0.00957 75.75 0.03207
J-t-13 12150 58.21 0.01119 84.05 0.04680
J-t-14 14289 74.34 0.01155 104.66 0.05374

Considering both the joint performance and economical cost, selecting a
wall thickness of 10 mm as the most appropriate value is advisable. At this
thickness, the mechanical properties of the joint reach their local maximum,

100

473

indicating optimal performance and choosing a thickness of 10 mm balances the
mechanical capabilities and the economic cost of manufacturing. It is important
to note that the specific performance requirements, design constraints, and
application context should be considered when determining the suitable wall
thickness for a joint in a practical situation.

5.2. Effect of flange outside diameter

Five joint specimens with different outer diameters of flange-A and flange-
B were analyzed using the finite element method. The outer diameters of the
flanges are 252 mm, 264 mm, 276 mm, 288 mm, and 300 mm, respectively.
Other parameters of the specimens are identical to those of J-1. The specific
dimensions of all specimens are shown in Table 9.

Table 9
Detailed information of the specimens

Specimen No. d (mm) t (mm) h (mm) F (kN) s (mm)
J-d-252 252 10 30 600 200
J-d-264 264 10 30 600 200
J-d-276 276 10 30 600 200
J-d-288 288 10 30 600 200
J-d-300 300 10 30 600 200

Note: The naming rule of the five specimens is J + d + flange diameter, where J stands
for joint and d for diameter.

Based on the numerical analysis results, the moment-rotation curves of five
joint specimens were plotted, as shown in Fig. 30. The farthest point method was
applied to determine the yield moment and corresponding yield rotation,
ultimate moment and corresponding ultimate rotation, and initial stiffness of the
joint specimens, as shown in Table 10. From the information provided in Fig.
30, it is evident that the joint labeled J-d-252 exhibits the highest initial stiffness
and ultimate bending moment. As the outer diameters of Flange-A and Flange-
B increase, the bearing capacity of the joints decreases compared to the J-d-252
joint. Specifically, when the outer diameter of the joint flange increases from
264 mm to 300 mm, the yield strength and ultimate strength remain nearly
unchanged at approximately 54 kN-m and 80 kN-m, respectively. Additionally,
the yield and ultimate rotation do not significantly differ, except for a slight
reduction in the yield and ultimate rotation of J-d-300.
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Fig. 30 Moment-rotation curves of the joints

Considering both the mechanical properties of the joint and economic
factors, selecting the outer diameter of the flange as 252mm is recommended.
The J-d-252 joint exhibits the most significant initial stiffness and ultimate
bending moment among the tested joints. While increasing the outer diameter of
the flange may not significantly impact the yield strength, ultimate strength,
yield angle, or ultimate rotation, it results in a decrease in bearing capacity

compared to the joint J-d-252.

However, it is essential to note that the specific application, design
requirements, and constraints should be carefully considered when determining
the appropriate outer diameter of the flange for a joint. Other factors, such as
cost-effectiveness and additional performance considerations, should also be
considered when making the final decision.
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Table 10
Mechanical properties of the specimens
SpeNCi)men Ko(KN-m/rad) M, (kN-m) 0, (rad) M, (kN-m) 0,,(rad)

J-d-252 12395 58.03 0.01119 90.54 0.04040

J-d-264 11349 5431 0.01167 80.23 0.04755

J-d-276 10397 53.61 0.01167 79.48 0.04843

J-d-288 11483 5333 0.01152 79.48 0.04843

J-d-300 11455 53.59 0.01129 79.09 0.04478
6. Conclusions Acknowledgments

In this study, the experimental research and finite element analysis of the
proposed joint used for advanced automation devices were conducted under
combined vertical and lateral loads. Based on the experimental observation and
finite element analysis, the following conclusions can be drawn:

1. Axial force has a limited impact on the ultimate moment of the joint but
significantly reduces the ultimate rotation. Thinner flanges A and B cause a
15.7% drop in the ultimate moment and a 34.1% rise in the ultimate rotation.
Halving the insertion depth leads to a 44.9% rise in the ultimate moment and
a 31.5% rise in the ultimate rotation. Additionally, the failure of all specimens
is due to the bolt connection, specifically the failure of the threads. However,
no significant damage is found in the joint tube wall, indicating that the failure
primarily occurs in the bolt connection.

2. The moment-rotation curve and mechanical parameters derived from the
experimental and numerical simulation studies exhibit a high degree of
consistency. At the turning point, the progression of plastic deformation in
simulated specimens with different axial forces aligns well with the
experiment results. However, in the numerically simulated specimens with
thinner flanges and shorter insertion depth, the onset of plastic deformation
of the joint occurs earlier than in the experimental specimens. This
discrepancy may be due to the simplification of the bolt model and the
selection of the standard friction coefficient.

3. The maximum equivalent stress at the B3 bolt initially increases by 2.6% and
then decreases by 2.2% with increasing axial force. The thinner flange
increases the stress at the B3 bolt by 3.1 % due to the diminished contact area
between the bolt and flange resulting from decreased flange thickness, which
enhances the stress concentration. A shorter inserting depth increases the
stress at the B3 bolt by 5.2%, a consequence of the diminished support
provided by the inserting portion to the upper steel tube, necessitating the
bolts to withstand increased loads. Conversely, the maximum equivalent
stress evolution trend on the compression side of the lower steel tube is
opposed to that of the B3 bolt.

4. The maximum equivalent strain at the B3 bolt initially increases and then
decreases with the increasing axial force, while on the compression side of
the lower steel tube, it consistently increases. The equivalent strain at the B3
bolt in three of the five specimens exceeds that on the compression side of the
lower steel tube, suggesting a higher failure risk at the bolts, which aligns
with observed bolt loosening in the experiments. When the axial pressure is
800 kN, the compression side of the lower steel tube may fail earlier due to
the high axial pressure. When the axial pressure is 400kN, this discrepancy
may be attributed to the simplification of bolt modeling and the selection of
the standard friction coefficient values.

5. The mechanical properties of the joint fluctuate with increasing tube wall
thickness, peaking at 10 mm, which optimally balances the mechanical
properties and economic cost. The bearing capacity of the joint decreases with
increasing outer diameters of flange-A and flange-B. Considering both the
mechanical performance and the financial cost of the joint, selecting a flange
with an outer diameter of 252 mm is recommended.

The findings in this study indicate the influence of various factors and
parameters, such as bolt connection, axial force, flange thickness, wall thickness
of the circular tube, and flange diameter, on the bearing and rotation capacities
of the joint. Understanding these relationships should be beneficial to designing
and optimizing the joint for the desired performance. Although this paper has
made efforts to study the joint of the automated construction device, there are
still some shortcomings that need to be addressed. Future research could focus
on exploring the mechanical response of the joint under dynamic loads or
investigating the mechanical properties of the joint when utilizing new materials.
Such studies will provide a deeper understanding of joint performance and
durability, potentially leading to further improvements in the design and
functionality of automated construction systems.
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