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Abstract. This article conducts an in-depth study on the fire resistance perfor-
mance of the X-type intersecting joint of stainless steel square main pipes and
round branch pipes. By establishing a finite element model, the mechanical be-
havior of the joint in a fire environment is simulated, and the effects of parameters
such as width ratio B, main pipe flange width-to-thickness ratio 2y, thickness ratio
7, and branch pipe load ratio n on the fire resistance performance of the joint are
analyzed. The study found that an increase in the value of  shortens the fire
resistance time, lowers the failure temperature, and changes the failure mode
from ductile failure to brittle failure; similarly, increases in 2y and n also shorten
the fire resistance time and lower the failure temperature but do not affect the
failure mode; the increase of t has little effect on the fire resistance performance
of the joint, with the fire resistance time and failure temperature remaining es-
sentially constant. This study provides a theoretical basis for optimizing the de-
sign of X-type intersecting joints and improving the safety of steel structures in
fire situations.
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1 Introduction

The X-type joint has many advantages compared to traditional steel structure joints,
such as a simple appearance, good load-bearing performance, and strong bearing ca-
pacity. In recent years, it has been widely used in spatial steel pipe structures, especially
in steel pipe structures for large-span buildings'.

Currently, scholars both domestically and internationally have conducted extensive
research on X-shaped intersecting nodes. Xu Jiacheng” studied the fire resistance per-
formance of X-shaped circular tube intersecting nodes, concluding that the ratio B has
the most significant impact on the fire resistance performance of the node and can also
affect the failure mode; the parameters 2y and n have a relatively large impact on fire
resistance performance, while 0 has a smaller effect. Jia Lianlian® researched the fire
resistance performance of X-shaped intersecting nodes in stainless steel square tubes,
finding that the width ratio B, load ratio n, and thickness ratio 2y significantly affect the
fire resistance performance of the node. Ahmadpour* and his team conducted transient
tests on T-shaped circular steel tubular intersecting nodes under fire conditions,
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revealing that at high temperatures, the main pipe surface undergoes plastic damage,
and the damage process can be divided into three stages: slight initial displacement
decrease, gradual mid-term displacement increase, and sharp late-stage displacement
increase. Baczkiewicz® analysis of T-shaped square steel tubular intersecting nodes un-
der high-temperature conditions. The study indicated that the width ratio B and load
ratio n have a significant impact on fire resistance performance.

2 Establishment of Finite Element Model

2.1 Calculation Model Determination

The selected joint form for the stainless steel square main pipe and round branch pipe
X-type intersection node is shown in Figure 1. L, is the length of the main pipe, by is
the side length of the main pipe, t, is the thickness of the main pipe, L, is the length of
the branch pipe, d; is the diameter of the branch pipe, and t; is the thickness of the
branch pipe.
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Figure 1. Node geometric parameters.
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Figure 2. Boundary Conditions of the Node Model



Analysis of Fire Resistance for X-Type Intersecting Joints of ... 209

2.2 Unit types and Analysis Steps

When constructing the temperature field analysis, the DC3D8 solid element®’, which
has high computational efficiency, good convergence, and is widely applicable in heat
conduction and other mechanical problems, is used.

2.3  Boundary Conditions.

For the boundary condition of the X-shaped intersection node between the main pipe
and the branch pipe, both ends of the main pipe remain unconstrained, while the bottom
of the branch pipe is fixed, and the top is subjected to axial force. The specific config-
uration is shown in Figure 2.

2.4 Weld Seam Simulation

When establishing the analytical model, it is essential to consider the influence of weld-
ing seams. The literature indicates that adding a ring of solid elements at the intersection
line of nodes can simulate the effect of welding seams®®, and this method can accurately
simulate the stress state at the weld joint of the nodes. Therefore, this study also em-
ploys this method for model construction.

2.5 Finite Element Model Validation

To verify the effectiveness of the aforementioned finite element model, this paper con-
ducts a high-temperature loading validation on the computational model of the X-
shaped intersecting joint of stainless steel square tubes from reference®. Components
SP-2 and SP-3 from the experiment were selected for comparative verification, and the
geometric dimensions of the two nodes are shown in Table 1. The validity of the finite
element model is verified by comparing it with the corresponding experimental results,
as shown in Figure 3 and Figure 4.

Table 1. Parameters of Test Specimens.

specimen  by/mm  ty/mm b,/mm t;/mm B n
SP2 160 5 120 5 0.75 0.4
SP3 320 10 128 10 0.75 0.5
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Figure 3. The numerical simulation results of the vertical displacement-time curve of SP-2
compared with the experimental results.

The two curves fit well in terms of overall trend, and can better reflect the mechani-
cal behavior of nodes under fire conditions.
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Figure 4. Comparison of numerical simulation results of the lateral displacement-time curve of

the SP-2 supervisor abdominal board with experimental results

3 Fire Resistance Parameterized Analysis

3.1  The Influence of § on the Fire Resistance of Nodes

The [ value has a significant impact on the displacement-time curve of the specimen:
when 3 < 0.4, the relationship graph of the vertical displacement of the main tube over
time shows a slow decline, exhibiting typical characteristics of ductile failure; whereas
in the case of B > 0.6, the relationship graph of the vertical displacement of the main
tube starts to drop rapidly and suddenly, with the failure mode being brittle failure.
When 0.4 < < 0.6, the vertical deformation-time curve of the main flange declines at
a rate between that of ductile failure and brittle failure.

The impact of B on the failure temperature of the joint is shown in Table 2. The fire
resistance time of the intersecting joint gradually decreases with the increase of § value;
when B > 0.4, the failure temperature shows a gradual decreasing trend as  value
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increases; with the continuous increase of 3 value, the failure temperature shows a grad-
ual reduction; and when 3 > 0.6, the reduction in fire resistance time of the intersecting
joint significantly increases, and the decrease in failure temperature also intensifies.
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Figure 6. Lateral displacement-time curve of the node supervisor web f variation.

Table 2. The fire resistance time and failure temperature of B-changed nodes.

. by X by X to/ dy X ty/ .
specimen m(r)nXm(rJnXmOm m;nXmlm B Tp/°C Sp/min

X1-1 0320x320x10 096x10 0.2 745.4 222
X1-2 0320%320%10 096x10 0.3 701.6 20
X1-3 0320%320%10 0128x10 0.4 706.2 17.7
X1-4 0320x320x10 0160x10 0.5 679.9 16.4
X1-5 0320%320%10 0192x10 0.6 673.4 15.1
X1-6 0320%320%10 0224x10 0.7 632.0 13.9
X1-7 0320%320%10 0256%10 0.8 603.5 12.6
X1-8 0320x320%10 0288x10 0.9 576.3 12.1
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3.2 The Influence of 2y on the Fire Resistance Performance of Nodes

From Figure 7 and Figure 8, it can be seen that (1) as the aspect ratio of the main wing
edge 2y increases, the temperature of the main surface of the specimen shows a signif-
icant and rapid upward trend; (2) when 2y is small, the local deformation rate of the
main wing of the node specimen is relatively gentle, and the early-stage deformation is
not obvious; (3) as 2y increases, the time required for the main wing to fail at each node
gradually decreases during the early stage.
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Figure 8. Lateral displacement-time curve of the node supervisor web 2y variation

The fire resistance time of the test samples shows a gradually increasing trend with
the increase of 2y. (2) In the case of increased 2y, the failure temperature of the node
test samples also shows a slow increasing trend.
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Table 3. The fire resistance time and failure temperature of 2y-changed nodes.

speci- by X by X to/ dy X ty/ 2y T, /°C S, /min
men mmxmmxmm mmxmm

X2-1 0320%320%16 0160x16 10 485.8 10
X2-2 0320x320%8 0160x8 20 555.5 11.8
X2-3 0320x320x%5 0160%5 30 619.3 12.8
X2-4 0320%320x4 0160x4 40 669.1 14.5
X2-5 0320x320%3 0160%3 50 686.2 16.9

3.3 The Influence of T on the Fire Resistance Performance of Nodes

Figure 9 and Figure 10 show the vertical displacement of the main wing edge and the
lateral displacement of the web at each node as a function of time. The following con-
clusions can be drawn: (1) In the early stage of heating, the local deformation of the
main components of each specimen exhibits a similar time-dependent trajectory. (2) In
the later stage of heating, when t<1, as the t value increases, the deformation rate of
the local main components significantly accelerates after the node specimens reach the
failure state.
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Figure 10. Lateral displacement-time curve of the node supervisor web 7 variation.
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As 7 increases, the failure temperature of the nodes is shown in Table 4. It can be
concluded that: (1) with the increase of T value, the fire resistance time and failure tem-
perature of the node specimens show a slight upward trend. (2) Under the condition of
>1, as the t value increases, the fire resistance time and failure temperature of the node
specimens remain constant.

Table 4. The fire resistance time and failure temperature of 7-changed nodes.

speci- by X by X to/ dy X to/ T, /°C s, /min
men mmxmmxmm mmxmm

X3-1 0320x320x10 0160%3 0.6 624.1 14.1
X3-2 0320x%320%10 0160%4 0.8 623.7 14.2
X3-3 0320x320%10 0160%5 1 625.5 14.2
X3-4 0320x320%10 0160%6 1.2 628.7 15.1
X3-5 0320x320%10 0160%8 1.6 635.4 14.2
X3-6 0320x320%10 0160x10 2 643.3 16.0

34 The Influence of n on The Fire Resistance of Nodes

From Figure 11 and Figure 12, we can conclude that: (1) In the early stage of heating,
when n < 0.8, the local deformation speed of the main beam at the node is relatively
gentle; when n > 0.8, the local deformation speed of the main beam at the node rises
sharply, showing significant deformation at an early stage; (2) As the value of n in-
creases, the time required for the nodes to fail gradually decreases; (3) When n is greater
than 0.2, as n increases, the lateral displacement of the main beam web and the vertical
displacement of the main beam flange at each node show similar trends in the displace-
ment-time curves. This indicates that the load transfer path within the node remains
constant!®, suggesting that n has no effect on the failure mode of the node.
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Figure 11. Vertical displacement-time curve of node supervisor wing edge » varia-
tion.
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Figure 12. Lateral displacement-time curve of the node supervisor web » variation.

Table 5. The fire resistance time and failure temperature of n -changed nodes.

speci- by X by X to/ dy X tp/ n T,/°C s, /min
men mmxmmxmm mmxmm

X4-1 0320%320x10 0160x10 0.2 786.4 26.4
X4-2 0320%320x10 0160x10 0.3 725.6 20.9
X4-3 0320x320x10 0160x10 0.4 673.1 17.2
X4-4 0320%320%x10 0160x10 0.5 623.4 14.8
X4-5 0320x320%10 0160x10 0.6 573.2 12.9
X4-6 0320x320%10 0160x10 0.7 529.7 11.4
X4-7 0320x320%10 0160x10 0.8 471.9 10.1
X4-8 0320x320x10 0160x10 0.9 416.5 7.2

Through the analysis of Table 5, it can be concluded that with the increasing branch
load ratio n, the node failure temperature gradually decreases; at the same time, the
node failure temperature shows a downward trend.

4 Conclusion

(1) The width-to-depth ratio p has a significant impact on the fire resistance perfor-
mance of the joint. An increase in its value will lead to a reduction in fire resistance
time and a decrease in failure temperature, causing the failure mode of the joint to grad-
ually change from ductile failure to brittle failure.

(2) The width-to-thickness ratio of the main pipe flange 2y and the branch pipe load
ratio n also have a significant impact on the fire resistance performance of the joint.
The increase of both will lead to a reduction in fire resistance time and a decrease in
failure temperature, but will not change the failure mode of the joint.

(3) The thickness ratio 1 has no significant effect on the fire resistance performance
of the joint. An increase in its value will not change the failure mode of the joint, and
the high-temperature endurance time and failure temperature remain roughly constant.
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