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ABSTRACT

ARTICLE HISTORY

The Thread-fixed One-side Bolt (TOB), which utilizes internal threads in the bolt hole instead of a nut, enables installation
from one side, thereby overcoming the challenge of connecting closed-section components, such as steel tube columns,
which are not suitable for traditional bolt connections. This study establishes and validates a Finite Element Model (FEM)
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to investigate the mechanical performance of TOB connections under high temperature conditions. The results show that

the wall thickness of the column has a significant influence on the performance of the connection; an increase in wall
thickness substantially enhances both stiffness and bearing capacity. For columns with thinner walls, applying preload can
improve stiffness. Furthermore, increasing the material strength of the column wall improves bearing capacity but has little
effect on stiffness. For columns with insufficient wall thickness, the mechanical performance of the connection can be
significantly enhanced by installing Internal Constraint Components (ICC) within the tube. Based on the FEM analysis
results, a calculation method for the bearing capacity of TOB connections, accounting for high-temperature deformation
and material degradation, is proposed. This method accurately predicts the yield bearing capacity at different temperatures.
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This research provides theoretical support for the design and application of TOB connections in engineering.
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1. Introduction

The blind bolt, or one-side bolt, is a type of fastening system designed to
provide a bolting option for structures where access is only available from one
side. This situation is common in construction and manufacturing industries
where it is either impossible or impractical to access both sides of the structure
being connected, such as closed steel sections. The development of blind bolts
arose from the need for an effective fastening solution in situations where
Traditional Bolts (TB) were not feasible. TB require access to both sides of the
structure for installation: one side to insert the bolt and the other side to secure
the nut. In many modern construction and manufacturing scenarios, such as in
hollow steel structures or areas with restricted access, this two-sided access is
not possible. Blind bolts were developed to address this limitation, offering a
reliable and robust fastening solution that can be installed from one side only
[1].

Before the advent of blind bolts, the installation of closed-section steel
components such as steel tube columns could only be completed through
welding. Welded connections in steel structures offer strong and continuous
connections but have notable disadvantages. They require skilled labor and
precision, making the process costly due to the need for specialized equipment
and rigorous inspections, including X-ray or ultrasonic testing. Welds can be
prone to brittle fractures, especially in high-strength steels and under adverse
conditions like low temperatures or high-impact loads. The welding process can
introduce residual stresses and deformations in steel members, potentially
compromising structural integrity. Additionally, welded connections may have
lower fatigue strength and are more susceptible to corrosion. On-site welding
presents challenges due to environmental factors, affecting weld quality.
Repairs or modifications in welded structures can be cumbersome, often
necessitating extensive cutting and re-welding.

Due to the various disadvantages of welding connections, the emergence
of blind bolts immediately attracted widespread attention. Many researchers
began to study the mechanical properties of blind bolts. Currently, the most
researched is the Hollo Bolt [2]. During installation, the bolt is inserted into a
pre-drilled hole, and then the bolt is tightened, which activates the expansion
mechanism on the blind side, completing the connection. Wang et al. [3]
investigated the tensile performance of connections using Hollo Bolt through
experiments and the numerical simulation. Their experiments used T-stub
connections and they established design equations for the stiffness and load-
bearing capacity of such T-stub connections using Hollo Bolt. Cabrera [4]
studied the pre-tension force of Extended Hollo-Bolts. The results showed that
the special anchoring mechanism of this type of bolt leads to a pre-tension force
coefficient much larger than that of TB. If conventional bolt pre-tension

coefficients are used to apply torque to these bolts, it may result in excessive
pre-tension forces. Pan et al. [5] conducted experimental research on the low-
cycle fatigue performance of Hollo Bolt-connected T-stub connections. Based
on the experimental results, they analyzed the typical failure modes, strength
degradation, and energy dissipation of the connections. Furthermore, they
proposed an energy-based damage model and equations for calculating fatigue
life. Pascual et al. [6][7] studied the fire response of Square Hollow Section
(SHS) column connections using Hollo bolt, finding that size of the column
section and bolt type have a minor impact on the fire behavior. However, the
presence of concrete significantly slows the temperature increase rate. Song [8]
found that applying fire protection measures to steel beams or reducing the load
ratio of steel beams can effectively enhance the fire resistance of Hollo Bolt
connection. However, placing binding bars in the connection or changing the
material of columns has a limited impact on the fire performance of Hollo Bolt
connections. However, the structure of the Hollo Bolt itself is complex, which
leads to greater manufacturing difficulty and a cost that can be more than ten
times higher than that of traditional bolts. Additionally, the bolt relies on the
deformation of the outer sleeve to provide anchorage, and once installed, it is
difficult to remove, which is unfavorable for later maintenance. As a result, the
use of Hollo Bolt is somewhat limited.

In addition to the Hollo Bolt, there are other methods for achieving one-
sided bolt installation. The Ajax ONESIDE bolt features a special foldable
washer that can pass through the bolt hole when folded. Once inserted, a special
tool allows the washer to unfold on the blind side, completing the anchorage.
Lee et al. [9] found that the Ajax ONESIDE bolt connection in T-stub to hollow
steel tube column connections meets the requirements for semi-rigid
connections. Research by Hosseini [10] shows that Ajax ONESIDE bolt
connections perform satisfactorily under monotonic and repeated shear forces,
meeting the demand in EN 1993-1-8 [11] for bolted connections. Similarly, one-
side anchoring can be achieved by incorporating a rotatable pin on the bolt
shank, which, after passing through the bolt hole, rotates perpendicular to the
hole for anchorage. Alternatively, both the nut and bolt hole can be made
elliptical, with the nut slightly smaller. The nut passes through the bolt hole
when aligned parallel, and the bolt is then rotated to change the orientation from
parallel to perpendicular for blind-side anchoring. Wan [12] and Sun [13] found
that the aspect ratio of the bolt head has minimal impact on the yield load
capacity of the connection. An aspect ratio of 1.7 for the bolt head balances bolt
slippage and stress concentratio7n around the bolt hole, achieving the most
advantageous connection.

Although the aforementioned blind bolts enable one-side installation, their
performance is not satisfactory enough. For example, the load-bearing capacity
of Ajax ONESIDE bolts depends on the strength of the folded washer, and the
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strength of the bolt shaft itself is difficult to fully utilize, making it hard to
achieve the same performance as traditional high-strength bolts. Attaching a
rotatable pin to the bolt shank weakens the cross-section of the bolt, affecting
both its tensile and shear load-bearing capacities. Using bolts with elliptical nuts
and bolt holes also affects the shear capacity along the long axis of the bolt hole.
Li et al. [14] conducted experiments comparing the connection performance of
different types of blind bolts and traditional bolts. The results showed that the
strength and stiffness of joints connected with existing blind bolts were less than
half of those using traditional bolts (TB). As a result, many researchers are
continuously working on improving the blind bolts to achieve better mechanical
performance [15]-[19]. By directly setting threads inside the bolt hole, nuts can
be replaced to anchor bolts for one-side installation, known as Thread-fixed
One-side Bolts (TOB). TOB is structurally simple and convenient for
installation, allowing the use of standard bolts and tools. This type of connection
has been widely used in bolt-ball joints and some mechanical structures.
However, as the wall thickness and strength of typical steel tube columns are
generally less than nuts, the effectiveness of TOB connections needs
verification. You [19][20] and Wang [21] conducted experiments on TOB
connections and found that bolt pull-out failure does not occur even with limited
wall thickness before overall connection yielding. However, the limited number
of experimental specimens presents challenges in establishing and fully
validating precise load-bearing capacity equations. Additionally, it is difficult
to observe the deformation process of connections and the stress-strain
distribution within the threaded holes, particularly the yield line distribution on
the surface of steel tube columns without nut constraints, through experimental
methods. Furthermore, the influence of key parameters such as bolt pre-tension,
material strength, and elevated temperatures warrants further investigation.

Based on existing experiments, this paper establishes and validates a Finite
Element Model (FEM) to study the mechanical performance of TOB bolted
connections at elevated temperatures. The main failure modes of the
connections and the causes of failure are analyzed, and the degradation patterns
of the load-bearing capacity and stiffness of the connection at high temperatures
are discussed. Additionally, based on the FEM analysis results, a method for
calculating the load-bearing capacity of TOB bolted connections at different
temperatures is proposed and discussed.

2. Finite element model

Beam web in
tension Force

Column in
tension
End-plate in
tension

Fig. 1 The Tension zone of a bolted end-plate connection
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2.1. Establishment of the model

To accurately simulate the mechanical performance of TOB bolted
connections under varying temperatures, it is essential to account for factors
such as material nonlinearity under the combined effects of thermal and force
fields, nonlinear contact relationships between different parts, and geometric
nonlinearity. Additionally, while analyzing the overall macroscopic
performance, the performance of microscopic components, such as the threads
inside the bolt hole and on the bolt shank, must also be considered. Therefore,
establishing the model is highly complex and requires certain simplifications.

To reduce computational difficulty and improve efficiency, this paper
focuses on analyzing the tensile area of TOB bolted connections in the model.
Following the component method, a connection can be divided into several
simple components. Using the component method, a connection can be divided
into several simple components. Analyzing these components separately and
then combining them can represent the overall behavior of the connection.
According to P398 [22], the bolted beam-column end-plate connections can be
divided into different parts such as tensile area, compression area, vertical shear
area, and horizontal shear areas. From the perspective of load transfer
mechanism, TOB and TB differ only under tensile forces. Therefore, in this
paper, only the tensile area of the beam-column end-plate connection was
selected for analysis to reduce computational complexity, as shown in Fig. 1.

Considering the symmetry of the tensile zone, only a 1/8 model was
established for analysis. Corresponding boundary conditions were applied on
the symmetry planes, as shown in Fig. 2. The load on the connection was applied
in the form of displacement. In the model, all components used hexahedral
linear reduced integration elements C3D8R. The model was meshed with cubic
grids of 0.3mm edge length, with local refinement at critical areas such as the
threads inside the bolt hole and on the bolt shank.

High-strength steel and ordinary structural steel exhibit different reduction
speeds at high temperatures due to variations in composition and processing, as
shown in Fig. 3. Ignoring these differences may lead to inaccurate simulation
results. Therefore, in the FEM of this paper, different constitutive relationships
were used for ordinary structural steel and bolts. Ordinary structural steel
followed the stress-strain relationship model and high-temperature reduction
factors recommended by EN 1993-1-2 [24], while the bolts were modeled based
on experimental data from Pang et al [25]. The constitutive relationship models
for ordinary structural steel and bolts in the FEM are shown in Fig. 4.
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Fig. 2 The boundary conditions and loads of the FEM
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Fig. 3 Comparison of the reduction factor of mild steel and high strength bolt(24125]
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Fig. 4 The consecutive law of mild steel and bolt applied in FEM.

In finite element modeling analysis, such as using Abaqus software, it is
necessary to convert nominal stress-strain data to true stress-strain data. This is
because true stress-strain more accurately reflects the material's real mechanical
behavior during the plastic deformation process. Nominal stress-strain is
defined based on the initial cross-sectional area and length of the specimen,
assuming these parameters remain constant during deformation. However, in
reality, the cross-sectional area changes significantly as deformation occurs,
especially in the large plastic deformation stage. In contrast, true stress-strain
considers the instantaneous cross-sectional area and cumulative deformation
effects, providing a more precise description of the material’s mechanical
response. This true stress-strain relationship not only better meets the
requirements of material models in finite element analysis but also avoids
computational errors caused by the limitations of engineering stress-strain under
large deformation conditions. Therefore, Equations (1), (2), and (3) were used
in the FEM to convert nominal stress gnom and nominal strain gnom into true
stress otrue and true strain etrue, respectively.

Eire = In(1+ gnom) (€]

Otrie = Onom (1 + gnom) @
O,

SDI = Etrue — e — Eithermal (3)

In terms of contact relationships, the model employs a general contact
approach where the normal direction is set to hard contact, and the tangential
contact is defined using the Coulomb friction model. Referring to the Chinese
code GB50017-2017 [26] and other relevant studies [27]-[32], the FEM in this
paper assumes a friction coefficient of 0.3 for tangential contact.

The model includes initial step and two analysis steps. The initial step is set
to define the boundary conditions and the thermal field. The first analysis step

is used to apply the preload of bolt, while the second analysis step involves the
application of displacement load.

2.2. Validation of the model

To verify the accuracy of the model calculations, three sets of test
specimens were designed and tested at both room and high temperatures. These
tests provided a basis for validating the FEM model's accuracy. The test
specimens included two T-stubs and a steel tube, connected by four bolts. The
bolt holes on the surface of the steel tube were threaded to provide anchorage
for the TOB. The bolt holes on the T-stub were plain holes, 2mm larger than the
TOB. Other relevant information can be found in Fig. 5 and Table 1. The bolts
used were standard grade 8.8 high-strength bolts, with thread dimensions
conforming to Chinese standards GB/T 192-2003 [33] and GB/T 192—-2003
[34].

The test was conducted using a universal testing machine with a load
capacity of 1000 kN and an accompanying electric furnace, as shown in Fig. 6.
Prior to loading, the bolts were pre-tensioned according to the requirements in
GB 50017-2017 [26]. The assembled specimens were then installed on the
testing machine for preloading. The main steps of preloading involved loading
the specimen from 0 kN to 10 kN, then unloading back to 0 kN while keeping
the grips of the testing machine tight. This preloading process helps to reduce
potential slippage and deformation during the actual test, ensuring accurate
loading and measurement.

Table 1
Test specimens

Column wall T-stub flange H-section steel flange ~ Bolt diameter
thickness to/mm thickness to/mm thickness te/mm D/mm
S1 6 12 16
S2 12 12 16
S3 6 12 6 16
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After preloading, the specimens were loaded to failure at a rate of 2
mm/min. During loading, the deformation and load were automatically recorded

by the control computer of the testing machine. Dial gauges were also installed 4 \ E
to measure the deformation of the test specimens, verifying the data recorded | —— =
by the testing machine. This ensured the accuracy and reliability of the \ ‘ a f Thermocouple

measurement results.

The high-temperature test was conducted using steady-state method. The
specimens were first heated to the specified temperature and maintained for 30
minutes, with one end clamped and the other free to prevent additional stress
from temperature changes. Preloading was then performed. After completing
the preloading, the specimens were loaded to failure at a rate of 2 mm/min. The
preloading process and data measurement methods were the same as those used
in the room temperature tests. Before the tests, corresponding steel samples

1 =

\v‘%- :

v

the furnace
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Control desk
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mEE e

Supporting ’
carriage
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were retained and processed into standard specimens to test their material | r —
; - - - C Control box of
properties. The actual measured material properties were used for modeling and amera
verification. ‘ furnace
The load-displacement curves of TOB bolted connections show apparent
non-linear characteristics after the initial elastic stage and lack a distinct yield Fig. 6 Test setup

plateau, making it difficult to directly determine the yield bearing capacity (Fy).
By employing the tangent method, the yield bearing capacity Fy of the
connections at different temperatures can be determined [35]-[37]. .
Additionally, the ultimate bearing capacity (Fy) of the connections can be Ultimate point

obtained from the highest point of the curves, as shown in Fig. 7 1 Fy \'

Fig. 8 compares the FEM and experimental results of the S1 group. The
steel tube in the S1 group had a wall thickness of only 6mm. As the load | /
increased, the walls of the steel tube deformed. The two side walls deformed
inward, while the top and bottom surfaces deformed outward. Due to the
deformation of the steel tube, disengagement occurred between the threaded
hole and the TOB, resulting in a nonuniform stress and strain distribution inside
the threaded hole. This nonuniformity ultimately resulted in the pullout of the
TOB and the failure of the connection. The phenomena observed in the
simulation were consistent with those observed in the test.

The S2 group specimens initially formed a plastic zone at the intersection
of the web and flange of the T-stub. Subsequently, the deformation rapidly
increased, leading to significant deformation of the bolt. However, only
discontinuous and minor plastic strain accumulation occurred in the threads
inside the bolt hole, indicating no damage to the threads within the bolt hole.
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Yield point

Displacement (mm)

Fig. 7 Load-displacement curve
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Fig. 9 Comparison of simulation result and test result

For the S3 group specimens, the overall deformation of the connection was
small, but significant plastic strain was observed in the threads of the bolt holes
in both the steel tube column and the infilled H-section steel, consistent with the
bolt pullout phenomenon observed in the test.The simulation results for each
group of specimens were consistent with the phenomena observed in the tests.

Fig. 9 compares the load-displacement curves of different specimens.
Compared to the S1 group, both the S2 and S3 groups show significant
improvements in yield load capacity Fv, ultimate load capacity Fy, deformation
capacity, and stiffness at the same temperature. For instance, at room
temperature, the yield load capacity Fy and ultimate load capacity Fy of the S2
group are approximately 4.2 times and 4.1 times those of the S1 group,
respectively. This improvement is primarily attributed to the change in the
anchorage capacity of the threaded hole. The failure mode of the S1 group
specimens is tube column wall yielding, which leads to the separation of the
threaded hole and TOB when the column wall deforms. As a result, the
connection fails quickly after yielding. In contrast, for the S2 and S3 groups,

after yielding, the separation between the TOB and the threaded hole does not
occur immediately, allowing for further increase in the load-bearing capacity
after connection yielding.

It should be noted, however, that although both the S2 and S3 groups have
a bolt anchorage depth of 12 mm, the load-displacement curves of the two
groups exhibit significant differences. Under the same temperature, the initial
stiffness, yield load capacity Fy, and ultimate load capacity Fy of the S2 group
are all higher than those of the S3 group. Specifically, at the same temperature,
the yield load capacity Fy and ultimate load capacity Fy of the S2 group are
approximately 2.5 times and 2.1 times those of the S3 group, respectively, as
shown in Table 2. This difference arises because the Internal Constraint
Components and the steel tube column wall work separately, with only minimal
interaction between them. This suggests that directly increasing the thickness of
the steel tube wall is more efficient than installing Internal Constraint
Components.
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The comparison in Fig. 9 shows that the load-displacement curves obtained
from finite element calculations closely match those from test results. Table 2
shows that the relative error between the model's output of the yielding load (Fv)
and ultimate load (Fy) and the experimentally obtained load capacity increases
with the rise in temperature (6), but remains within the range of -8.1% to 16.8%.

162

Overall, the finite element model established in this paper can accurately reflect
the failure characteristics of TOB connections at different temperatures.
Additionally, the model's load-displacement curves and load capacities are
consistent with test results, demonstrating good accuracy.

Table 2
Comparison of test result and simulation result
Error
Test FEM
Temperature 6 (FEM - Test) / Test
°C) ) Yielding load Ultimate load ) Yielding load Ultimate load Yielding load Ultimate load
Failure mode Failure mode
Fv (kN) Fu (KN) Fy (kN) Fu (kKN) Fy (KN) Fu (kN)
20 model 28.1 41.9 model 27.8 445 -1.1% 6.2%
S1 500 model 17.2 27.2 model 15.8 28.5 -8.1% 4.8%
700 model 55 75 model 6.2 8.2 12.7% 9.3%
20 mode2 118.8 173.4 mode2 1134 180.3 -4.5% 4.0%
S2 500 mode2 68.5 1132 mode2 68.8 1127 0.4% -0.4%
700 mode2 175 259 mode2 19.2 29.1 9.7% 12.4%
20 model 452 82.1 model 47.1 775 4.2% -5.6%
S3 500 model 26.2 485 model 26.1 48.4 -0.4% -0.2%
700 model 7.2 13.1 model 7.5 15.3 4.2% 16.8%

3. Parameter analyzes and discussion
3.1. Influence of tube wall thickness

Based on the parameters of the connection, including the bolt diameter D,
steel tube wall thickness t;, and T-stub thickness tr, four potential failure modes
for TOB connections are identified: tube column wall yielding (mode 1), T-stub
flange yielding accompanied by bolt failure (mode2), T-stub flange yielding
(mode3), and bolt fracture failure (mode4). Notably, failure mode 1 results in a
failure mechanism for TOB connections that differs significantly from that of
TB connections. This is due to the absence of deformation restraint from the nut
on the steel tube column wall and the lack of anchorage provided by the nut. In
contrast, other failure modes do not involve damage to the steel tube column or
the threaded hole, resulting in no significant difference in the failure mechanism
between TOB and TB connections. Given the multiple potential failure modes
of the TOB connection, this paper focuses its analysis primarily on failure mode
1 for convenience.

For TOB connections, the steel tube wall thickness (t;) determines the
anchoring depth that the threaded hole can provide. Additionally, the wall
thickness (t;) also influences the deformation capability of the steel tube, which
in turn affects the contact relationship between the threaded hole and the TOB.
Therefore, the steel tube wall thickness (t.) is one of the most crucial parameters
influencing the behavior of TOB connections. Using the verified FEM, the
failure mechanisms of TOB connections with different steel tube wall
thicknesses (t;) and their reduction under high temperatures were analyzed.
During the analysis, the bolt diameter (D) of the selected connections was
consistently 16mm, and the steel tube section width (bc) was 150mm. The
analysis of the model is limited to temperatures below 800<C. This is because,
after exceeding 500<C, the material properties of steel, including elastic
modulus, yield strength, and ultimate strength, undergo a significant
degradation. At temperatures of 800 <C or higher, steel essentially loses its load-
bearing capacity. According to the data provided in the European standard
EN1993-1-2, at 800<C, the yield strength of ordinary steel is only 11% of its
value at room temperature, and the elastic modulus is only 9% of its room
temperature value. Therefore, before reaching 800 <C, the connection will have
already failed under the action of sustained loads, making further discussion of
conditions at or above 800 <C unnecessary.

At the same temperature 6, as the tube wall thickness (tc) increases, the
failure mode of the connection gradually changes from tube column wall
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(Avg: 75%)

PEEQ
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(a) 6=20°C

yielding (mode 1) to T-stub flange yielding accompanied by bolt failure (mode
2). Fig. 10 and Fig. 11 show the stress and strain distribution in the threads
inside the bolt hole for the connection with 6mm tc (mode 1) and 12mm tc
(mode 2), respectively, at different temperatures 6 when reaching the yield load
(Fv).

For connection with 6mm tc, when reaching the yield bearing capacity Fy,
the stress distribution inside the threaded hole is nonuniform due to the
deformation of the steel tube. The plastic equivalent strain PEEQ mainly occurs
on the side with higher stress, as shown in Fig. 10 (a). With the increase in
temperature, the deformation of the connection increases, leading to even more
uniform stress and strain distribution inside the threaded hole, as depicted in
Fig. 10 (b). This nonuniform stress distribution caused by column wall
deformation leads to the failure of the connection.

For connection with 12mm tc, the greater stiffness of the tube means that,
upon reaching the yield bearing capacity Fy, the deformation mainly occurs in
the flange of the T-stub. The stress distribution in the threads inside the bolt hole
is uniform, and the plastic strain predominantly occurs at the root of the threads
in the lower part, while the upper threads remain elastic. This indicates that the
threads inside the hole can provide sufficient anchorage for the bolt, as shown
in Fig. 11.

Fig. 12 (a) indicates that the initial stiffness K of the connection rapidly
increases with the increase in tube wall thickness tc. However, when the fire
temperature 6 exceeds 500°C, a significant decrease in the initial stiffness K is
observed. The influence of tube wall thickness tc on the initial stiffness K
becomes substantially less significant. At temperatures 6 exceeding 700°C, the
connections almost completely lose their load-bearing capacity, and the effect
of variations in tc on the initial stiffness K becomes negligible.

Similarly, when the fire temperature 6 does not exceed 500°C, increasing
in tc can significantly improve the yield load Fy and ultimate load Fy. However,
as the temperature 6 exceeds 500°C, the load-bearing capacity of the connection
substantially decreases, and the influence of steel tube wall thickness tc on the
load-bearing capacity reduces. When the temperature 6 exceeds 700°C, the
influence of tube wall thickness tc on the load-bearing capacity of the
connection becomes minimal.

Fig. 12 (b) and (c) shows that the reduction factors of tensile load at the
same temperature are not significantly different, and the failure mode does not
change with variations in temperature. This indicates that the mechanical
performance of TOB connection is stable under different temperatures.
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Fig. 10 The state of the hole threads under yielding load Fy (tc=6mm)
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Fig. 11 The state of the hole threads under yielding load Fv (tc=12mm)
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Fig. 12 Influence of column thickness tc on the tensile behavior of connections

3.2. Influence of preload

Fig. 13 Method to apply preload of bolt in FEM

Controlling the magnitude of the applied preload P is one of the key means
to ensure the quality of bolted connections. An appropriately bolt preload P can
make the bolt more effective in transferring loads and reliably connect the
various components together. For TOB connections, in most cases, the strength
of the threaded hole is inferior to that of a standard high-strength nut, and the

tube wall thickness tc is also typically less than the thickness of the nut.
Therefore, it is necessary to research whether the bolt preload P can be applied
to TOB in accordance with the requirements of Chinses code GB50017-2017
[26], and the influence of the preload P on the connection under different
temperatures 6.

To consider the different degradation speeds of the elastic modulus E of
ordinary structural steel and bolts under high fire temperatures on the bolt
preload P, this paper applies the preload in the FEM by changing the
temperature. Before applying the load to the model, imposing a different
temperature 6, on a part of the bolt shaft than on other parts of the model. The
temperature difference induces axial deformation in the bolt equivalent to the
effect of the preload P. This simulates the impact of the bolt preload P on the
load-bearing performance of the TOB connection, as shown in Fig. 13.

The distribution of stress and PEEQ inside the threaded hole after applying
the bolt preload P, as obtained from the FEM, are shown in Fig. 14 and Fig. 15.
After the application of preload P, the stress distribution within the threaded
hole is nonuniform, decreasing from top to bottom. Under different
temperatures 6, the plastic strain in the threaded hole caused by the pre-tension
force does not exceed 0.02, indicating that the threads inside the hole remain in
the elastic state.

Therefore, the specified preload P can be applied to TOB in accordance
with the Chinese code GB50017-2017 [26] at different temperatures 6.

Two connection groups were analyzed as examples, with bolt diameter D
being 16mm, T-stub flange thickness tr being 12mm, and tube wall thicknesses
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tc being 6mm and 12mm respectively, the influence of bolt preload P on the
TOB connection was analyzed. Fig. 16 compares the load-displacement curves
of the two groups of connections before and after the application of bolt preload
P. The changes in load-bearing performance, such as initial stiffness K, yield
bearing capacity Fy, and ultimate bearing capacity Fy, are listed in Table 3. The
comparison reveals that after applying preload P, there is no significant change
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in the load-displacement curves, with only a slight increase in initial stiffness K
that becomes less significant as temperature @ rises, nearly negligible above
400°C. The yield load Fy and ultimate load Fy at different temperatures remain
unchanged after the application of preload P. Furthermore, the bolt preload P
does not change the failure mode of the connections.
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Fig. 14 Distribution of stress and strain inside bolt hole under preload P (tc=6mm)
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Fig. 15 Distribution of stress and strain inside bolt hole under preload P (tc=12mm)
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Fig. 16 Comparison of preloaded and un-preloaded connections
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Table 3

Comparison of preloaded and un-preloaded TOB connections

Temperature 0 Tube wall Un-preloaded Preloaded P
©C) thickness to(mm) Initial stiffness K Yielding load ~ Ultimate Load Failure mode Initial stiffness K Yielding load ~ Ultimate Load Failure mode
(KN/mm) Fy(kN) Fu(kN) (KN/mm) Fv(kN) Fu(kN)

20 13.7 253 54.0 model 14.6 25.3 54.0 model
200 12.4 215 43.0 model 131 215 43.0 model
300 11.2 16.6 345 model 114 16.6 345 model
400 6 9.0 12.5 249 model 9.0 12.5 249 model
500 8.2 9.2 16.5 model 8.2 9.2 16.5 model
600 4.0 5.3 9.7 model 4.0 5.3 9.7 model
700 1.6 2.2 3.7 model 1.6 2.2 3.7 model
800 13 14 2.3 model 13 1.4 2.3 model
20 72.6 104.5 178.7 mode2 747 104.5 178.7 mode2
200 65.8 82.2 148.4 mode2 67.8 82.2 148.4 mode2
300 59.8 67.1 110.5 mode2 59.8 67.1 110.5 mode2
400 1 52.2 48.7 78.3 mode2 52.2 48.7 78.3 mode2
500 45.2 44.1 67.1 mode2 45.2 44.1 67.1 mode2
600 24.1 22.0 339 mode2 24.1 22.0 33.9 mode2
700 10.3 9.6 14.8 mode2 10.3 9.6 14.8 mode2
800 7.2 5.3 9.2 mode2 7.2 53 9.2 mode2

3.3. Influence of material properties

FEM simulations were conducted to analyze the influence of steel tube
strength on the load-bearing performance under various temperatures 6. The
analysis focused on connections composed of tube columns made from
commonly used engineering materials: Q235, Q345, and Q460 steel grades. The
analyzed connections all featured a bolt diameter (D) of 16mm, a tube section
width (bc) of 150mm, and a T-stub flange thickness (tr) of 12mm. The materials
of the T-stub and the steel tube were consistent, and the bolts were S8.8 high-
strength bolts.
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Fig. 17 compares the influence of tube material properties on the initial
stiffness K. For connections with the same tube wall thickness (tc), the initial
stiffness K is essentially the same at a given temperature 6, and the reduction
coefficient of initial stiffness K at different temperatures 6 is also largely similar.
This indicates that the initial stiffness K is primarily determined by dimensional
parameters of the connection itself, such as the steel tube wall thickness (tc).
Changing the material of the steel tube does not influence the initial stiffness K
of the connection.
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Fig. 17 Influence of material property of steel tube on the initial stiffness K

Fig. 18 and Fig. 19 respectively compare the influence of material
properties on the yield load (Fy) and ultimate load (Fy). The comparison shows
that the material properties have a significant influence on the load-bearing
capacity of the connection. Taking the connection with a tube wall thickness
(tc) of 6mm as an example: when the steel tube material is Q235, Q345, and
Q460, the yield load Fv at ambient temperature is 13.2kN, 18.1kN, and 23.5kN,
respectively, and the ultimate load Fy is 27.7kN, 38.5kN, and 49.9kN,
respectively. Compared to the Q235 steel material connections, the Q345 steel
material connections show an increase of 37% and 39% in Fy and Fy,
respectively, while the Q460 steel material connections exhibit increases of 78%
and 80% in Fv and Fy, respectively. For other connections with different tube
wall thicknesses tc, the pattern of material performance affecting their load-
bearing capacity is essentially consistent, as shown in Fig. 18 and Fig. 19.

As the temperature 6 increases, there is a rapid decrease in the load-bearing
capacity of the connections. When the fire temperature & rises to 500<C, both

the yielding load (Fy) and the ultimate load (Fy) of the connections decreased
to approximately 50% of their capacity at ambient temperatures. Furthermore,
as the temperature @ further increases to 700<C, the load-bearing capacity of the
connections declines to about 10% of the ambient temperature capacity,
indicating a near-total loss of load-bearing ability. In this case, although
enhancing the strength grade of the steel can marginally increase the load-
bearing capacity of the connections, this improvement is negligible.

Fig. 18 and Fig. 19 also compare the reduction factors of the load-bearing
capacity of connections at varying temperatures 6. It is observed that changing
the material strength does not affect the deterioration speed of the yielding load
(Fy) and ultimate load (Fy). Moreover, while changing the material strength of
the connections significantly improves their load-bearing capacity, it does not
result in a change in the failure mode of the connections.
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Fig. 19 Influence of material property of steel tube on ultimate load Fu
Table 4
Comparison of connections with different tube materials
Yielding load Ultimate Load
Tube wall Initial stiffness K (kN/mm) 9 Failure mode
thickness ~ Temperature 6(°C) Fv(kN) Fu(kN)
te(mm) 235 345 460 235 345 460 235 345 460 235 345 460
20 13.9 13.7 13.8 18.5 253 328 38.8 54.0 69.9 model model model
200 125 125 125 15.8 215 275 30.8 43.0 56.7 model model model
300 114 11.2 114 11.2 16.6 20.9 23.8 345 42.8 model model model
400 9.2 9.0 9.2 8.6 12.5 15.4 17.6 249 314 model model model
6
500 8.6 8.2 8.6 6.1 9.2 10.4 115 16.5 20.9 model model model
600 4.0 4.0 4.0 35 5.3 5.9 7.1 9.7 13.0 model model model
700 1.9 1.6 1.9 1.7 2.2 2.3 3.9 3.7 45 model model model
800 13 13 1.3 0.9 14 15 1.9 2.3 3.7 model model model
20 72.6 72.6 72.6 72.2 104.5 1254 1245 178.7 221.9 mode2 mode2 mode2
200 65.8 65.8 65.8 59.2 82.2 103.7 104.6 148.4 189.6 mode2 mode2 mode2
300 59.1 59.8 59.1 475 67.1 83.2 78.3 110.5 146.0 mode2 mode2 mode2
400 52.2 52.2 52.2 33.6 48.7 61.2 53.6 78.3 98.3 mode2 mode2 mode2
12
500 45.2 45.2 453 30.7 44.1 53.6 46.6 67.1 86.5 mode2 mode2 mode2
600 241 241 24.2 15.1 22.0 25.7 24.1 33.9 41.3 mode2 mode2 mode2
700 10.4 10.3 10.4 6.6 9.6 11.6 10.3 14.8 19.8 mode2 mode2 mode2
800 7.1 7.2 7.2 4.1 5.3 7.8 6.2 9.2 10.8 mode2 mode2 mode2
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3.4. Influence of internal constraint component

Closed-section steel columns exhibit superior torsional and flexural
properties, hence the wall thickness (tc) is typically quite small. To prevent
premature failure of the connections compared to other components, it may be
necessary to reinforce the connection regions of steel tube columns.
Additionally, the tube wall thickness (tc) is a critical parameter that directly
influences the failure mode and load-bearing capacity of TOB connections.
Therefore, to ensure the effectiveness of TOB connections, reinforcing the
connection areas is also essential. One approach to strengthening these areas
involves installing an Internal Constraint Component (ICC) inside the steel tube,
such as an H-shaped steel.

The installation of the ICC can be carried out as follows, as illustrated in
Fig. 20:

1.Cut openings in the column at the connection area to serve as plug
welding holes.

2.Insert the ICC into the specified position.

3. Temporarily weld the ICC in place through the plug welding holes.

4.Create threaded holes penetrating both the steel tube column and the ICC.

This method addresses the challenges of limited construction space in
closed-section steel tube columns. It ensures reliable fixation of the ICC within
the steel tube and guarantees the quality of threaded hole machining, preventing
issues like misalignment of bolt holes or discontinuous threads.

However, it is inevitable that there will be a gap between the ICC and the
column wall, resulting in discontinuity of the hole threads. Moreover, the stress
distribution on the bolt shank is not uniform, leading to discontinuous
deformation and load distribution between the ICC and the column wall.
Consequently, it is essential to research how the ICC and the column wall work
together and to evaluate the reinforcing effect of the ICC on the TOB
connections.

FEM analysis has been conducted to assess the load-bearing performance
of TOB connections utilizing H-shaped steel as the ICC. The studied
connections had a tube wall thickness (tc) of 6mm, a bolt diameter (D) of 16mm,
a T-stub flange thickness (tr) of 12mm, and an H-shaped steel flange thickness
(tw) ranging from 6mm to 16mm.
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With the increase in the flange thickness of the H-shaped steel (ty), the
reinforcing effect of the ICC on the connection gradually increases.
Consequently, the failure mode of the connection changes from tube column
wall yielding (mode 1) to T-stub flange yielding accompanied by bolt failure
(mode 2). For H-shaped steel flange thicknesses (ty) below 12mm (equivalent
to twice the tube wall thickness tc), the connections typically exhibit failure
mode 1. Conversely, when the flange thickness (t.) of the H-shaped steel is
12mm or more, the connections exhibit failure mode 2. Fig. 21 and Fig. 22 show
the stress distribution and the PEEQ within the threaded holes of the connection
when the yielding load Fy is reached. It is observed that the stress distribution
inside the threaded holes of the connection is nonuniform, with overall stress in
the threaded holes on the H-shaped steel flange being greater than that on the
steel tubular column. This indicates that the H-shaped steel provides additional
anchorage force for the TOB. Moreover, under the yielding load Fy, only minor
PEEQ occurs locally in the threaded holes of both the H-shaped steel and the
steel tubular column, suggesting that the threaded holes still effectively provide
reliable anchoring for the bolts.
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Fig. 20 Progress of installing the ICC inside the column
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Fig. 21 State of the hole threads under yielding load Fy (tn=6mm)
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Fig. 22 State of the hole threads under yielding load Fy (tn=12mm)

Fig. 23 compares the relationship between the initial stiffness K, yielding
load Fv, and ultimate load Fy of the connection with the flange thickness ty of
the H-shaped steel. When ty, does not exceed 12mm, initial stiffness K, yielding
load Fy, and ultimate load Fy of the connection all increase rapidly with the
increase of t. However, once ty reaches 12mm, the influence becomes minimal.
This is attributed to a change in the failure mode of the connection. Below
12mm ty, the failure mode is tube column wall yielding (mode 1), where the
load-bearing performance of the connection is determined by the resistance tube
column wall. For larger ty values, the failure mode changes to T-stub flange
yielding accompanied by bolt failure (mode2). In this case, the resistance of the
column wall to out-of-plane deformation exceeds the bending resistance of the
T-stub flange. As a result, further increases in ty less influential on the load-
bearing capacity of the connection. Despite the significant differences in

stiffness and load-bearing performance among connections with varying ty,
their degradation under high temperatures are similar. Fig. 23 shows that the
degradation speed of initial stiffness K, yielding load Fy, and ultimate load Fy
at high temperatures are consistent across different connections.

Taking connections with ty of 6mm and 12mm as examples, the impact of
the material strength of the ICC on the connection was compared, as shown in
Fig. 25. The strength of the ICC has no significant effect on the initial stiffness
K of the connection. However, the material strength of the ICC significantly
influences the yielding load Fy and ultimate load Fy of the connection at
different temperatures. For instance, at a temperature 8 of 20<C, increasing the
strength of the ICC from Q235 to Q460 led to an increase of 84% and 86% in
the yielding load Fy and ultimate load Fy, respectively for a connection with ty
of 6mm. For a connection with a ty of 12mm, the increases were 41% in Fy and



Yang You et al.

38% in Fy. Nonetheless, changing the strength of the ICC did not alter the
failure mode of the connection, nor did it significantly change the degradation
speed of the yielding load Fy and ultimate load Fy at high temperatures.
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4, Calculation of the tensile resistance

4.1. Calculation method for failure mode 1
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Fig. 27 Calculation model of mode 1
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Fig. 28 Simplified calculation model

When the connection exhibits failure mode 1, characterized by tube column
wall yielding, the primary features include minor deformation of the T-stub and
significant out-of-plane deformation of the steel tube wall. The deformation of
the steel tube sidewalls is predominantly horizontal, while the top and bottom
surfaces mainly exhibit vertical deformation. Based on the deformation
characteristics of the steel tube, a simplified computational model can be
established as shown in Fig. 27. Due to the symmetry of the connection, a
quarter-section of the steel tube structure with sliding supports at both ends can
be use for analyzing, as shown in Fig. 28.

The simplified quarter model is subjected to a concentrated force, Fs, at the
bolt axis position, with a height of h and a length of I, and the distance from the
concentrated force Fs to the sliding support is x. Since this simplified model
constitutes a statically indeterminate structure, it cannot be directly solved using
conditions of static equilibrium and moment balance. Instead, the method of
forces from structural mechanics can be applied, decomposing a sliding support
into a hinged support and an equivalent bending moment X, as shown in Fig.
28. The deformations under the concentrated force Fs and under the bending
moment X can then be determined using the principle of virtual work.

By ensuring deformation compatibility at the sliding supports before and
after simplification, a new equilibrium equation (4) can be established. Solving
this equation yields the magnitude of the bending moment X;, which in turn
allows for the construction bending moment diagram of the entire steel frame.

SX+A =A @)

Here ¢ is the angle of rotation at the sliding support when X=1, representing
the structural flexibility coefficient under the action of bending moment X; 4¢
is the angle of rotation of the structure in the direction of bending moment X
caused by the external force Fs; 4 is the actual displacement at the point of
release of the redundant support in the original structure. Since the sliding
support in the original structure do not allow rotation, 4 is zero at this point.

The bending moment diagrams under the bending moment X=1 and under
the action of the concentrated force Fs are shown in Fig. 29. Then, according to
the principle of virtual work, it can be determined:



Yang You et al.

PR I1><1d 21 (5)
o El 0 =
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By combining Eqgs (4), (5), and (6), it can be derived that:

F(—x) . Fx(21 —x) ©)
2 4

X =

By superimposing the bending moment diagrams in Fig. 29, the bending
moment diagram for the original steel frame can be obtained, as shown in Fig.
30. Furthermore, this allows for the determination of the magnitude of the
bending moment My, at the sliding support in the upper right corner of the steel
frame:

F(-x , Fx@-% ®)

Mu=""— 4

FEM results indicate that significant deformation occurred both at the bolt
axis and at the midpoint of the side wall of the steel tube, suggesting that
yielding has likely occurred at these locations. Therefore, by isolating the
section at the sliding support, the stress distribution can be observed as shown
in Fig. 31. In the area affected by My, there is no axial force influence, and the
equilibrium conditions of the isolated section yield the following:

2
o= f ylefftc (9)
4
Here, le is the length of yield line. By combining Equations (8) and (9), it
can be obtained that:

_ f Lertél (10)
S 2|2_X2

The above derivation is based on the premise of minimal deformation of
the connection. However, in reality, connections that exhibit failure mode 1
have relatively thin steel tube walls and exhibit significant out-of-plane
deformation upon yielding. This deformation is especially pronounced at high
temperatures, where the elastic modulus of the connection rapidly decreases,
leading to even more pronounced deformation. Therefore, the impact of large
deformations on the load-bearing capacity of the connection cannot be ignored.
When failure mode 1 occurs, the deformation of the connection primarily
consists of inward horizontal displacement of the side walls and outward
vertical displacement of the top and bottom surfaces, denoted as Ay and 4y,
respectively, as shown in Fig. 32. In the case of small deformations, the
following equilibrium equation can be obtained:

M, =M, +F(1-x) (11)

In the case of large deformations, the following equilibrium equation can
be established:

=M, +F

H,large - Vlarge large (I

-X-4,) (12)
Assuming that large deformations of the connection only alter the

magnitude of the bending moment without changing the distribution pattern of
the bending moment diagram, that is:

M

H,large = M H

M V,large M Vv

(13)

By combining Eqgs (11), (12), and (13), it can be derived that:

1_X_AVF
S

1—x (14)

FS,Iarge =

170

Therefore, the bearing capacity reduction coefficient k, considering the
influence of large deformation can be obtained:

1-X—Av

Ky=
A 1-x (15)

To determine the value of k,, it is also necessary to determine the magnitude
of 4y. In order to simplify the calculation, it is assumed that Ay is 3% of the
width of the tube, that is:

A, =003, (16)

Here, b, is the width of the tube. Considering the strength reduction of steel
at high temperatures, the calculation method of bearing capacity of the
connection at high temperature Fsq considering large deformation can be
obtained:

foléntel
F. =A e (17)
S0 \ 2|2 _ XZ

18)

-

Fig. 29 The bending moment diagram under X=1 and Fs

[ -x

Fig. 30 The solved bending moment diagram of the steel frame
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=

Fig. 31 The stress distribution of the section near the support

Fig. 32 The frame under large deformation
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4.2. Calculation method for other failure modes

When the connection exhibits failure mode 2, T-stub flange yielding
accompanied by bolt failure, the deformation of the steel tube is minor. The
deformation is primarily concentrated on the T-stub, where a yield line forms at
the junction between the web and flange of the T-stub. Simultaneously, the bolt
reaches its maximum load-bearing capacity and fractures. The internal energy
consumed by the yield line is:

M, =0.251.4t7 (19)

By separately analyzing the flange of the T-stub, it can be considered as a
beam, with its bending moment diagram shown in Fig. 33. Additionally, the
beam is subjected to the combined effects of the external force Fr,, the prying
force Q, and the bolt tension F,. From the conditions of static equilibrium, it can
be derived that:

F. +2Q=2F, (20)

Additionally, the balance condition of the bending moment at the junction
between the T-stub flange and the web can be obtained as follows:

M, =mF,—(m+n)Q (21)

where m and n are the dimensional parameters of the T-stub, as shown in
Fig. 33.

By combining Egs (19), (20), and (21), and eliminating the prying force Q,
the load-bearing capacity Fr of failure mode 2 can be obtained:

:2an+2Mp| (22)
T m+n
Fr,
I pl1
2) e <M
[ o
Fy Fy
rZLT.llL JZLTJL
O O

State of tube _ State of Tstub

Fig. 33 Calculation model of the connection failed by mode 2

Through a similar method, the load-bearing capacity of connections
exhibiting failure mode 3 can also be derived. When the connection experiences
failure mode 3, characterized by T-stub flange yielding, the deformation of the
steel tube is minimal, while the deformation of the T-stub flange is more
pronounced. Yield lines occur at the intersection of the web and flange of the
T-stub as well as at the bolt holes, leading to the simplified calculation model
shown in Fig. 34. The T-stub is simplified as a beam for analysis, subjected to
the combined effects of a prying force Q, external force Fr 3, and bolt tension
Fy, where the bending moment diagram is characterized by reaching My, at both
the positions corresponding to the bolt holes and at the intersection of the T-
stub web and flange. Thus, through the conditions of static equilibrium and
bending moment equilibrium, it can be obtained that:

F ,+2Q=2F, (23)
M,=mF,-(m+n)Q (24)
M, =Qn (25)

By combining Eqgs (23), (24), and (25), it can be derived that:
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4M
Fra= =" (26)

When the connection exhibits failure mode 4, bolt fracture failure, the
deformation of both the steel tube and the T-stub is relatively minor, and the
load-bearing capacity of the connection is solely determined by the load-bearing
capacity of the bolt. The model for calculating this type of connection is shown
in Fig. 35. The equation for calculating its load-bearing capacity is:

FTAZZFIJ @7)
7d?

F="0

T (28)

where d is the effective diameter of the bolt, and f,, is the yield strength of

the bolt.
F T3
+ Mle
A
" I |
T
1 | | |
| |
ﬁ%m 1| n
State of tube State of T-stub

Fig. 34 Calculation model of the connection failed by mode 3
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Fig. 35 Calculation model of the connection failed by mode 4
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4.3. Calculation method for connections with ICC

For connections with ICC, the potential failure modes are the same as those
without ICC. When the connection experiences failure modes 2, 3, or 4, the
location of failure is independent of the ICC, thus the calculation method
remains the same as for the connections without ICC. However, when failure
mode 1 occurs, the cooperative action between the ICC and the steel tube must
be considered. FEM analysis reveals that for connections with ICC experiencing
failure mode 1, the out-of-plane deformation of the tube wall is significantly
restricted upon reaching its yield load Fy, and both the bolts and T-stub remain
in the elastic state. Based on these characteristics, the following assumptions
can be mad:

1.1gnore the effect of the plug welding between the ICC and the tube wall;

2.Ignore the axial deformation of the bolt in the ICC and the tube wall;

3.1gnore the out-of-plane deformation of the steel tube sidewall.

In calculations, both the steel tube wall and the ICC are treated as beam to
establish the calculation model shown in Fig. 36.

The deformations produced at the bolt axis by the tube wall and the ICC
are denoted as dsus and Jy, respectively. Given that the axial deformation of the
bolt shank in the gap between the tube and the ICC is neglected, the following
deformation compatibility relationship is established:
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OsHs = On (29)
In addition, based on the equilibrium of forces:
Fs=Fsus+Fu (30)

Where Fs is the total anchorage of the threads within the hole, which is also
equal to the axial force on the bolt shank; Fsus is the load carried by the threaded
holes of the tube; Fy is the load carried by the threaded holes of the H-shaped
steel flange, acting as the ICC. Based on the unit load method, which relies on
the principle of virtual work, expressions for dsus and dy can be separately
derived. The derived expression for dy is as follows:

_FxX’ (3- Ii) (31)

(32)

Iy, by, and ty represent the moment of inertia for bending resistance, width,
and flange thickness of the ICC, respectively. The expression for dsps is as
follows:

4

12 s Fys(l-x) (2x-1) (33)
Oshs™ EISHs (g FSHS(I*X) + 4|2 )
. (34)
SHS 12

Isus, be, and t; represent the moment of inertia for bending resistance, width,
and thickness of the tube wall, respectively. Through Equations (29) and (30),
the relationship between Fsus and Fy can be established:

12x%(31 - x)
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(36)

Given that the effect of plug welding is not considered, the ICC and the
tube only transfer load through bolts, thus the ICC does not change the bending
moment distribution pattern of the tube wall but only changes its magnitude.
Therefore, Eq (17) can still be applied to solve for the bending moment on the
tube column, leading to the conclusion that:

P ot @
- X
FTV1 =2FK (38)
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Fig. 36 Calculation model for the connection with ICC failed by mode 1

4.4. Accuracy analysis of calculation methods

The calculated load Fe of the connections at different temperatures 6 using
the derived equations, compared with the yielding load Fy obtained from FEM
calculations are shown in Fig. 37. It is observed that for TOB connection
without ICC, the calculated load Fe at different temperatures 6 derived from the

Fons= E s 7 H (35) equations closely matches the yielding load Fy obtained from the FEM, with an
Lu 8(1=X)"1°+3(1 =x)"(2x-1) average Fe to Fy ratio of 1.012, a standard deviation of 0.084, and a coefficient
of variation of 0.083. For connections with ICC, the disparity between
Hence, the influence coefficient ky of ICC is: calculated load Fe and the yielding load Fy obtained from FEM is slightly larger,
with an average Fe to Fy ratio of 0.969, a standard deviation of 0.121, and a
coefficient of variation of 0.125. However, the overall accuracy remains
satisfactory.
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Fig. 37 Comparison of the simulation result and calculation results

5. Conclusions

This study developed and validated a finite element model to analyze the
mechanical performance of T-stub to steel tube connections bolted by TOB
under high-temperature conditions. The key findings and contributions are as
follows:

(1) Based on the parameters of the connection, there are four potential
failure modes for TOB connections: tube column wall yielding (model), T-stub

flange yielding accompanied by bolt failure (mode2), T-stub flange yielding
(mode3), and bolt fracture failure (mode4).

(2) Bolt preload forces, as per the Chinese Code GB50017-2017, slightly
enhance the initial stiffness of the connection but have minimal influence on the
load-bearing capacity. The influence of preload diminishes as temperature
increases.

(3) The failure mode and initial stiffness of the connection are influenced
by dimensional parameters but are less affected by the tube strength. Steel
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strength improvement significantly enhances the yielding and ultimate load,
though its influence diminishes at higher temperatures.

(4) Installing Internal Constraint Components (ICC) effectively enhances
connection performance, especially for tubes with smaller wall thicknesses. The
material strength and flange thickness of ICCs significantly influence the
stiffness and failure mode of the connection.

(5) A method for calculating the load-bearing capacity of TOB connections
under high temperatures has been introduced and validated through
comparisons with FEM results. The proposed method accurately predicts the
yielding load capacity of TOB connections, both with and without ICC, across
different temperature conditions.
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Nomenclatures and variables

Fy Yielding load
Fu Ultimate load
Fr calculated tension resistance
Mol bending strength of T-stub flange
leff length of the yielding line
t thickness of T-stub flange
b width of the T-stub
m distance between weld toe and bolt hole
e end distance of T-stub flange
TOB Thread-fixed One-side Bolt
B Traditional Bolt
FEM Finite Element Model
PEEQ plastic equivalent strain
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