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Abstract: The temperature measuring instrument was utilized to monitor the welding temperature
field at designated points along steel rectangular hollow sections (RHSs) during welding. A total of
32 temperature monitoring points were established on the four surfaces of the RHS branch. Addition-
ally, the welding process was simulated using finite element software to calculate the temperature
distribution. The calculated temperature results were then compared with the experimental results
obtained from the temperature measuring instrument. The relative errors between the numerical
simulation and the experimental temperature results remained within 10%, indicating a reasonable
agreement between the two. Once the temperature field was determined, it was used as an input
load to calculate the welding residual stress. The longitudinal and transverse residual stresses were
analyzed for two paths on the four surfaces of the RHS-to-RHS Y-shaped connection branch. By
analyzing the residual stresses, it is possible to evaluate the structural integrity and performance of
the welded RHS connection. The analysis process in this paper is crucial for ensuring the safety and
reliability of tubular steel structure projects.

Keywords: rectangular hollow sections; multi-channel temperature tester; residual stress; Abaqus
software; heat source subroutine; thermal–mechanical coupling

1. Introduction

Hollow section structures (HSSs) have several advantages, including low weight, favor-
able aerodynamic shape, aesthetic appearance, and excellent strength properties [1,2]. As a
result, HSSs are increasingly important in railway, transportation, architecture, and other
fields. The welding design of HSS components, such as the welding between support
members and chords, typically involves groove welds or fillet welds. However, due to the
non-uniformity and locality of heat input during welding, residual stress will inevitably
occur [3]. The presence of welding residual stress not only reduces the bearing capacity of
steel structures but also deteriorates the fatigue strength of components and increases the
risk of brittle fractures of steel structures [4,5]. Welding deformation not only affects the
appearance quality of products but also reduces the manufacturing accuracy of steel struc-
tures [6]. Therefore, predicting and controlling welding residual stress and deformation is
of great significance for the safety assessment of steel structures.

In recent years, there has been increasing attention on research for material models of
low-alloy steel due to advancements in measurement methods for residual stresses and
deformation, as well as the availability of more comprehensive material parameters. These
models are valuable in predicting and explaining the residual stresses and deformation
that occurs during the welding process of low-alloy steel. By optimizing welding processes
and enhancing the performance of steel structures, these material models contribute signifi-
cantly. Material factors encompass the high temperature thermophysical and mechanical
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properties of both the base material and the welding material, as well as the characteristic
changes in the mechanical properties of the material during the welding process [7]. In the
finite element modeling process, it is crucial to establish high-precision material models
while accurately considering design and manufacturing factors.

The numerical simulation of the welding process has always been a challenging prob-
lem. However, with the advancement of computer technology and the accumulation of
research work, computational welding mechanics has made significant progress in terms
of data accuracy and computational efficiency [8]. Ueda and Yamakawa [9] were the first
to propose a welding residual stress analysis method based on finite element modeling
(FEM), which takes into account the influence of temperature on mechanical performance.
Subsequently, thermal–mechanical analysis has been further developed and applied to
comprehensively address transient heat transfer problems, considering material nonlin-
earity and geometric changes as well. Cao et al. [10] and Gao et al. [11] employed the
“birth-death element” technique in ANSYS to simulate the influence of welding residual
stresses on CHS Y-joints and K-joints. When considering the impact of welding residual
stresses, the Y-joint’s ultimate bearing capacity was reduced by approximately 4%, while
the K-joint’s ultimate bearing capacity increased by up to 10%. Wang et al. [12] established
a thermal elastoplastic (TEP) finite element analysis of fillet welded T-joints. The results
indicate that welding residual stress causes in-plane cooling shrinkage and plate buckling
deformation, and also significantly affects the behavior of mixed mode stress intensity
factors (MM-SIFs) in the joint. Garifullin et al. [13,14] developed a numerical model using
the finite element software Abaqus 2020 to determine the welding residual stress of the
S420 RHS T-joints through sequential coupled thermal stress analysis. Gadallah et al. [15]
conducted a TEP finite element analysis of CHS tubular T-joints with surface cracks and
modeled the three-dimensional solid multi-pass circular weld toe under actual welding con-
ditions to evaluate the effect of welding residual stress. Dengyiding et al. [16] evaluated the
detailed welding effects on the strength and stiffness of concrete-filled steel tubular (CFST)
Y- and K-joints using the Abaqus Welding Interface. Research has indicated that the ratio
of branch to chord pipe thickness is a critical factor in controlling joint failure. A decrease
in the thickness of the weld legs results in a moderate reduction in joint bearing capacity
and stiffness, as well as the generation of smaller residual stress areas. Wu Jun et al. [17]
investigated the effect of welding residual stress on the fatigue life of orthotropic steel
bridge decks with diaphragms through experiments and numerical simulations. Krishna
Murthy K.R et al. [18] utilized the finite element software ABAQUS to perform numeri-
cal simulation calculations and experiments on welded joints, comparing the numerical
simulation models and experimental results of thermal mechanics and thermal metallurgy
mechanics. The research demonstrates that the presence of phase transformation inclusions
significantly impacts the residual stress of welded components. Hashemzadeh M. et al. [19]
developed a three-dimensional finite element analysis method to estimate post-welding
deformation and residual stress. They used transient indirect, decoupling, and thermal
mechanical analysis methods to estimate the deformation and residual stress of a large
stiffener panel in hybrid laser welding. The mentioned literature has examined welding
residual stresses in various types of low-alloy high-strength steel joints.

The steel structure welding process In the references mentioned, lacks thorough moni-
toring of the temperature field, making it challenging to ensure the accuracy of numerical
simulation results. Additionally, there is insufficient research on the welding temperature
field and residual stress of RHS–RHS Y-joints. Based on the issues mentioned above, this
article conducts a more thorough study on the welding simulation of RHS–RHS Y-shaped
joints. In Section 2, temperature monitoring equipment was used to measure the temper-
ature changes at various positions of the RHS–RHS Y-shaped joint during the welding
process. The data obtained enables the generation of temperature–time history curves
for each position, providing more precise and detailed information on the temperature
field characteristics for subsequent welding simulation work. In Sections 3.1 and 3.2, the
finite element software Abaqus is used to simulate the welding process of the RHS–RHS Y-
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shaped joint. The numerical simulation temperature curve is compared with the measured
temperature curve, and the relative error of the temperature peak between the two is found
to be within 10%. In Section 3.3, based on the accurate temperature field simulation results
in Section 3.2, this article further analyzes the welding residual stress of the RHS–RHS
Y-shaped joint in Abaqus, and obtains the longitudinal and transverse residual stresses
along two paths on the four surfaces of the RHS–RHS Y-shaped joint. This comprehen-
sive approach combines experimental measurements and numerical simulations to better
analyze the temperature and stress distribution during the welding process of RHS–RHS
Y-joints. The research findings contribute to enhancing the welding process and ensuring
the structural reliability of RHS–RHS Y-shaped joints.

2. Field Welding Test
2.1. Dimensions and Material Characteristics of the RHS-to-RHS Y-Shaped Connection

At the construction site, a temperature field monitoring test is conducted for RHS-
to-RHS Y-shaped connections. The base metal is Q345 low-alloy high-strength steel, and
welding is performed using carbon dioxide inert gas shielded welding. The welding wire is
JQ-CE71T-1 carbon dioxide gas shielded flux cored wire with a diameter of 1.2 mm. Table 1
shows the properties of the base metal, and the parameters are sourced from reference [3].

Table 1. Q345 thermal mechanical properties of steel.

Temperature
(◦C)

Coefficient of
Thermal Expansion

(105 ◦C−1)

Yield Stress
(108 Pa)

Modulus of
Elasticity
(1011 Pa)

Poisson’s
Ratio

Thermal
Conductivity

(10 W·m−1·◦C−1)

Specific Heat
Capacity

(102 J·kg−1·◦C−1)

Quality
(103 Kg·m−3)

30 1.1 3.45 2.05 0.3 5 4.65 7.85
250 1.22 2.95 1.87 0.3 4.7 4.8 7.85
500 1.39 2.5 1.5 0.3 4 5.3 7.85
750 1.48 1.6 0.7 0.3 2.7 6.75 7.85

1000 1.34 1.45 0.2 0.3 3.1 6.7 7.85
1500 1.33 1.22 0.19 0.3 3.5 6.6 7.85
2500 1.31 0.1 0.12 0.3 14.2 8.2 7.85

The RHS-to-RHS Y-shaped connection is composed of a chord and a branch. The acute
angle between the chord and the branch measures 72◦. The inner side has the acute angle,
while the outer side has the obtuse angle. The groove is in the shape of a 45◦ V. The chord
has a height of 800 mm, a width of 300 mm, and upper and bottom panels with a thickness
of 16 mm. The inner and outer panels of the chord have a thickness of 14 mm. The branch
has a height of 760 mm, a width of 300 mm, and upper and bottom panels with a thickness
of 16 mm. The inner and outer panels of the branch also have a thickness of 14 mm. The
specific dimensions of the chord and branch pipes are shown in Figure 1a,b.

2.2. Field Welding Process and Temperature Monitoring Methods

The welding sequence for the RHS-to-RHS Y-shaped connection, as depicted in
Figure 1c, involves several steps. Firstly, the first weld seam on the inner and outer sides is
welded. Following this, the three welds on the bottom surface are continuously welded.
Subsequently, the second weld seam on the inner and outer sides is welded. Finally, the
three welds on the top surface are continuously welded. There is no interruption between
neighboring welds, and the welding process is continuous. The welding parameters for the
RHS-to-RHS Y-shaped connection during the field welding were recorded, and the welding
time, voltage, current, and other relevant data for each weld seam during the welding
process of the Y-joint are summarized in Table 2.
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Figure 1. Dimension diagram of the RHS-to-RHS Y-shaped connection at the construction site (a) 
and cross section dimensions of the chord and branch pipes (b) and the welding sequence of the 
RHS-to-RHS Y-shaped connection (c). 

2.2. Field Welding Process and Temperature Monitoring Methods 
The welding sequence for the RHS-to-RHS Y-shaped connection, as depicted in Fig-

ure 1c, involves several steps. Firstly, the first weld seam on the inner and outer sides is 
welded. Following this, the three welds on the bottom surface are continuously welded. 
Subsequently, the second weld seam on the inner and outer sides is welded. Finally, the 
three welds on the top surface are continuously welded. There is no interruption between 
neighboring welds, and the welding process is continuous. The welding parameters for 
the RHS-to-RHS Y-shaped connection during the field welding were recorded, and the 
welding time, voltage, current, and other relevant data for each weld seam during the 
welding process of the Y-joint are summarized in Table 2. 

Table 2. The results of welding process parameters for the Y-shaped joint. 

Weld Bead 
Welding Time 

(s) 
Weld Length 

(mm) 
Welding Voltage 

(V) 
Welding Current  

(A) 
No. 1   1260 718 26.8 120 
No. 2  900 316 26.8 120 
No. 3  360 316 26.8 120 
No. 4  300 316 26.8 120 
No. 5  660 718 26.8 120 
No. 6  180 316 26.8 120 
No. 7  240 316 26.8 120 
No. 8  240 316 26.8 120 

During welding, the temperature of seven points on the upper side and bottom sur-
face of the branch would be monitored. At the same time, the temperature of nine points 
on the inner and outer sides of the branch is also monitored. During welding, the layout 
of temperature measuring points on each monitoring surface is shown in Figure 2. 

Figure 1. Dimension diagram of the RHS-to-RHS Y-shaped connection at the construction site
(a) and cross section dimensions of the chord and branch pipes (b) and the welding sequence of the
RHS-to-RHS Y-shaped connection (c).

Table 2. The results of welding process parameters for the Y-shaped joint.

Weld Bead Welding Time
(s)

Weld Length
(mm)

Welding Voltage
(V)

Welding
Current

(A)

No. 1 1260 718 26.8 120
No. 2 900 316 26.8 120
No. 3 360 316 26.8 120
No. 4 300 316 26.8 120
No. 5 660 718 26.8 120
No. 6 180 316 26.8 120
No. 7 240 316 26.8 120
No. 8 240 316 26.8 120

During welding, the temperature of seven points on the upper side and bottom surface
of the branch would be monitored. At the same time, the temperature of nine points on
the inner and outer sides of the branch is also monitored. During welding, the layout of
temperature measuring points on each monitoring surface is shown in Figure 2.
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When monitoring the temperature change of each measuring point on the branch
during the welding process, first mark the position of each measuring point on the branch
pipe, and then arrange the temperature sensor on the branch pipe. The temperature
measuring points on the upper side and the bottom side are spaced 50 mm in the direction
perpendicular to the weld, and 75 mm in the direction parallel to the weld; the space
between the temperature measuring points on the inner side and the outer side in the
direction perpendicular to the weld is 50 mm, and the space between the measuring points
in the direction parallel to the weld is 190 mm. The actual arrangement of the sensors on
the upper side and the bottom side is shown in Figure 2a and the actual arrangement of the
sensors on the inner surface and the outer surface is shown in Figure 2b. The device utilized
for monitoring temperature during the welding procedure is Anbai-AT4732 (Changzhou
Anbai Precision Instrument Co., Ltd., Changzhou City, China), a multi-channel temperature
tester operated by a high-performance advanced RISC machine (ARM) microprocessor.
It has the capability to concurrently gather and document temperature fluctuations at
32 points, with a rapid response time and consistent data stability. The thermocouple of the
Anbai-AT4732 has excellent resistance to high temperatures, with a temperature detection
range from −200 ◦C to 1350 ◦C.

2.3. Results of Temperature Field Monitoring

During the whole welding experiment, the temperature changes monitored on the
branch of the RHS-to-RHS Y-shaped connection are shown in Figures 3 and 4. This paper
further analyzes the statistics of the maximum temperature at each temperature measure-
ment point after each weld seam is completed during the welding process, as shown in
Table 3. According to the monitoring data, the maximum temperature for welding in the
inner side is 178.2 ◦C, the maximum temperature for welding in the outer side is 156.4 ◦C,
the maximum temperature for welding in the bottom side is 208 ◦C, and the maximum
temperature for welding in the upper top is 199 ◦C.
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Table 3. The temperature peak value after each weld seam was completed during the welding test (◦C).

The Side of
the Branch Weld Bead Point 1 Point 2 Point 3 Point 4 Point 5 Point 6 Point 7 Point 8 Point 9

Inner side No. 1 164.8 157.4 129.8 96.4 91.7 81.6 67.1 73 64.6
Inner side No. 5 178.2 147 148.9 112 97.4 99.9 83 81.1 80.1
Outer side No. 1 156.4 131 135.3 86.7 84.4 85.3 63.5 68 65.9
Outer side No. 5 140.7 115.7 109.6 95.6 77.7 79.3 75 70.6 67.7
Upper side No. 4 175.5 199 160.6 113.4 116.6 87.8 85.3 / /
Bottom side No. 8 202.8 208 178.7 138.9 113.1 96.7 86.1 / /
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3. Finite Element Numerical Analysis
3.1. Finite Element Modeling

Over time, the numerical simulation of welding residual stress using finite element
software has gained widespread usage. However, most of these simulations have focused
on single plate welding, with limited attention given to the numerical calculation of multi-
layer and multi-pass welding of RHS-to-RHS Y-shaped connections.

In this study, the researchers have made advancements by developing a subroutine for
the double ellipsoidal moving heat source model using Fortran language. This subroutine
is utilized in the Abaqus software to simulate the welding residual stress of the joints. The
simulation is achieved through sequential coupling technology. The research approach
involves two main steps. Firstly, the temperature field during the welding process is
calculated and compared with experimental results to obtain a more accurate representation
of the actual weldment’s temperature field. Subsequently, the calibrated temperature
field results are utilized to calculate the residual stress field during the welding process.
The simulation process is shown in Figure 5. By incorporating these advancements, the
researchers aim to provide a more comprehensive understanding of the welding residual
stress in RHS-to-RHS Y-shaped connections, particularly in multi-layer and multi-pass
welding scenarios.
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pipe are designated as fixed boundaries, and the end of the branch pipe away from the
weld is also designated as a fixed boundary. During the simulation of the temperature
field, the element type used is DC3D8R. For the simulation of welding residual stress, the
element type used is C3D8R. To accurately capture the temperature and residual stress
near the weld seam, this study employs a denser mesh near the weld seam and a coarser
mesh away from the weld seam. The impact of various grid sizes on residual stress in the
Q345 steel plate butt welding was investigated in reference [20]. The findings indicate that
the residual stress near the weld remains essentially unchanged when the mesh size of
the weld area is within 5 mm. As a result, this article sets the weld area element size to
5 mm, and the fixed boundaries area element size to 50 mm, with 143,148 elements and
192,576 nodes in the finite element model. The mesh division and boundary conditions
of the finite element calculation model are illustrated in Figure 6. This figure displays the
distribution of the mesh as well as the specified boundary conditions for the calculations.
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3.2. Temperature Field Simulation

Based on the welding process parameters provided in Table 2 of Section 2.2, the tem-
perature changes at various measuring points during the welding process were simulated
using the finite element method. To compare the differences between the numerical simu-
lation and the measured temperature fields, two temperature measurement points were
selected on the inner side of the branch, at distances of 50 mm, 100 mm, and 150 mm from
the weld seam. The temperature–time history curves of these two measurement points,
obtained from both the experiment and numerical simulation, are presented in Figure 7.
In Figure 7, the full lines represent the temperature values obtained from the experiment,
while the dotted lines represent the temperature values obtained from the numerical simu-
lation. The comparison results indicate a good agreement between the temperature curves
obtained from both methods. Furthermore, this study obtained the temperature peak
values for each measurement point after each weld seam was completed through numerical
simulation (as shown in Table 4). A comparison was made between the temperature peak
values obtained from the numerical simulation and the experiment, with the specific results
presented in Table 5. These tables provide a comprehensive comparison of the tempera-
ture peak values at each measurement point, allowing for a better understanding of the
agreement between the numerical simulation and experimental results.
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Figure 7. Temperature changes at two points using two methods: (a) at a distance of 50 mm from the
weld seam; (b) at a distance of 100 mm from the weld seam; and (c) at a distance of 150 mm from the
weld seam.

Table 4. The temperature peak at each measuring point after each weld seam was completed during
the welding simulation process (◦C).

The Side of
the Branch Weld Bead Point 1 Point 2 Point 3 Point 4 Point 5 Point 6 Point 7 Point 8 Point 9

Inner side No. 1 169.2 150.3 136.1 92.9 88.0 80.8 77.0 62.2 59.0
Inner side No. 5 169.0 150.6 137.6 108.0 95.3 95.0 83.8 68.8 73.0
Outer side No. 1 163.5 141.0 141.8 88.6 86.4 80.9 61.3 62.0 61.0
Outer side No. 5 137.4 124.2 117.0 94.6 81.0 78.7 71.9 64.9 61.2
Upper side No. 4 172.2 185.0 161.2 108.8 112.0 83.0 77.0 / /
Bottom side No. 8 202.1 197.3 179.2 133.0 116.9 91.6 84.0 / /

Table 5. The relative error of the peak temperature at each measurement point at the completion time
of each weld bead under two methods.

The Side of
the Branch Weld Bead Point 1 Point 2 Point 3 Point 4 Point 5 Point 6 Point 7 Point 8 Point 9

Inner side No. 1 2.7% 4.5% 4.9% 3.7% 4.1% 1.0% 5.3% 1.2% 8.7%
Inner side No. 5 5.1% 2.4% 7.6% 3.6% 2.2% 4.9% 4.6% 5.3% 8.9%
Outer side No. 1 4.5% 7.6% 4.8% 2.2% 2.4% 5.2% 3.5% 8.9% 7.4%
Outer side No. 5 2.4% 7.3% 6.8% 1.1% 4.2% 0.8% 4.1% 8.1% 9.6%
Upper side No. 4 1.9% 7.0% 0.3% 4.1% 3.9% 5.5% 9.7% / /
Bottom side No. 8 0.3% 5.2% 0.3% 4.2% 3.3% 5.3% 2.4% / /

Based on the information provided in Table 5, the errors between the peak tempera-
tures obtained from the experiment and the numerical simulation at different distances from
the weld seam are analyzed. At a distance of 50 mm from the weld seam, the maximum
error is 7.6% and the minimum error is 0.3%. This implies that the highest temperature
calculated by numerical simulation can deviate from the highest temperature measured in
the experiment by up to 7.6%, with a minimum deviation of 0.3%. Similarly, at a distance
of 100 mm from the weld seam, the maximum error is 5.2% and the minimum error is
0.8%. The highest temperature measured in the experiment can differ from the highest
temperature calculated by numerical simulation by up to 5.2%, with a minimum deviation
of 0.8%. At a distance of 150 mm from the weld seam, the maximum error is 9.7% and the
minimum error is 2.4%. The highest temperature measured on-site can deviate from the
highest temperature calculated by numerical simulation by up to 9.7%, with a minimum
deviation of 2.4%. Overall, the temperature field of the branch obtained from the numerical
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simulation shows good agreement with the actual temperature field, with errors controlled
within 10%.

3.3. Simulation of the Welding Residual Stress Field

In the previous chapter, the temperature field obtained through calculations was
utilized as a temperature load to calculate the welding stress field. This calculation allows
for the determination of stress changes in RHS-to-RHS Y-shaped connections during the
welding process. To analyze the stress distribution, two stress output paths were defined
on the inner side, outer side, upper side, and bottom side of the branch, along the weld
direction and the vertical weld direction. These paths are represented as path 1 and path
2, as shown in Figure 8. Path 1 is perpendicular to the weld direction, while path 2 is
along the weld direction. The calculated results of longitudinal residual stresses along
paths 1 in the four side faces of the branch are presented in Figure 9a, and the calculated
results of transverse residual stresses along paths 1 in the four side faces of the branch
are presented in Figure 9b. The calculated results of longitudinal residual stresses along
paths 2 in the four side faces of the branch are presented in Figure 10a, and the calculated
results of transverse residual stresses along paths 2 in the four side faces of the branch are
presented in Figure 10b. These figures provide a visual representation of the longitudinal
and transverse residual stresses along the defined paths on each face of the branch. By
analyzing these stress distribution results, a better understanding of the welding residual
stress field in RHS-to-RHS Y-shaped connections can be achieved.

Buildings 2024, 14, x FOR PEER REVIEW 9 of 12 
 

Upper side No. 4 1.9% 7.0% 0.3% 4.1% 3.9% 5.5% 9.7% / / 
Bottom side No. 8 0.3% 5.2% 0.3% 4.2% 3.3% 5.3% 2.4% / / 

Based on the information provided in Table 5, the errors between the peak tempera-
tures obtained from the experiment and the numerical simulation at different distances 
from the weld seam are analyzed. At a distance of 50 mm from the weld seam, the maxi-
mum error is 7.6% and the minimum error is 0.3%. This implies that the highest tempera-
ture calculated by numerical simulation can deviate from the highest temperature meas-
ured in the experiment by up to 7.6%, with a minimum deviation of 0.3%. Similarly, at a 
distance of 100 mm from the weld seam, the maximum error is 5.2% and the minimum 
error is 0.8%. The highest temperature measured in the experiment can differ from the 
highest temperature calculated by numerical simulation by up to 5.2%, with a minimum 
deviation of 0.8%. At a distance of 150 mm from the weld seam, the maximum error is 
9.7% and the minimum error is 2.4%. The highest temperature measured on-site can de-
viate from the highest temperature calculated by numerical simulation by up to 9.7%, with 
a minimum deviation of 2.4%. Overall, the temperature field of the branch obtained from 
the numerical simulation shows good agreement with the actual temperature field, with 
errors controlled within 10%. 

3.3. Simulation of the Welding Residual Stress Field 
In the previous chapter, the temperature field obtained through calculations was uti-

lized as a temperature load to calculate the welding stress field. This calculation allows 
for the determination of stress changes in RHS-to-RHS Y-shaped connections during the 
welding process. To analyze the stress distribution, two stress output paths were defined 
on the inner side, outer side, upper side, and bottom side of the branch, along the weld 
direction and the vertical weld direction. These paths are represented as path 1 and path 
2, as shown in Figure 8. Path 1 is perpendicular to the weld direction, while path 2 is along 
the weld direction. The calculated results of longitudinal residual stresses along paths 1 
in the four side faces of the branch are presented in Figure 9a, and the calculated results 
of transverse residual stresses along paths 1 in the four side faces of the branch are pre-
sented in Figure 9b. The calculated results of longitudinal residual stresses along paths 2 
in the four side faces of the branch are presented in Figure 10a, and the calculated results 
of transverse residual stresses along paths 2 in the four side faces of the branch are pre-
sented in Figure 10b. These figures provide a visual representation of the longitudinal and 
transverse residual stresses along the defined paths on each face of the branch. By analyz-
ing these stress distribution results, a better understanding of the welding residual stress 
field in RHS-to-RHS Y-shaped connections can be achieved. 

Path1

Path2

Path2

Path1

 
Figure 8. Two stress paths in the four faces of the branch pipe. Figure 8. Two stress paths in the four faces of the branch pipe.

Buildings 2024, 14, x FOR PEER REVIEW 10 of 12 
 

  
(a) (b) 

Figure 9. The residual stress in the four faces of the branch along path 1: (a) longitudinal residual 
stress; (b) transverse residual stress. 

  
(a) (b) 

Figure 10. The residual stress in the four faces of the branch along path 2: (a) longitudinal residual 
stress; (b) transverse residual stress. 

Based on the analysis of Figure 9a, it is evident that along path 1, there is a notable 
presence of longitudinal residual stress near the weld on each side of the branch pipe. As 
the distance from the weld increases to 50 mm, the longitudinal residual stress on the 
inner and outer sides becomes negative. When the distance continues to increase to 350 
mm, the longitudinal residual stress on the inner and outer sides transitions to positive 
values. However, it should be noted that the longitudinal residual stress on the upper and 
bottom surfaces becomes negative at this point. The maximum value of residual stress is 
approximately 345 MPa in the upper and bottom sides of the branch pipe, and the maxi-
mum residual stress has reached the yield strength value of the base material. However, 
the residual stress in the inner and outer sides of the branch pipe is lower than the yield 
strength of the base material. 

Based on the information provided and the observation of Figure 9b, it can be noted 
that under path 1, the transverse residual stress on the inner side and outer side is rela-
tively lower. As the distance from the weld increases to 20 mm, the value of the residual 
stress approaches zero. On the other hand, the transverse residual stress on the upper side 
and bottom side is higher, reaching approximately 200 Mpa. As the distance from the weld 
increases, the value of the transverse residual stress gradually decreases and eventually 
falls within the range of 50 Mpa. The axial residual stress (transverse residual stress along 
path 1) trend on the outer surface of the branch in this study is consistent with that of the 
branch in reference [16], indirectly confirming the reliability of the residual stress results 
of the joint in this article. 

According to the observation of Figure 10a,b, it is evident that the longitudinal resid-
ual stress and transverse residual stress under path 2 exhibits a “small at both ends and 

Figure 9. The residual stress in the four faces of the branch along path 1: (a) longitudinal residual
stress; (b) transverse residual stress.



Buildings 2024, 14, 157 10 of 12

Buildings 2024, 14, x FOR PEER REVIEW 10 of 12 
 

  
(a) (b) 

Figure 9. The residual stress in the four faces of the branch along path 1: (a) longitudinal residual 
stress; (b) transverse residual stress. 

  
(a) (b) 

Figure 10. The residual stress in the four faces of the branch along path 2: (a) longitudinal residual 
stress; (b) transverse residual stress. 

Based on the analysis of Figure 9a, it is evident that along path 1, there is a notable 
presence of longitudinal residual stress near the weld on each side of the branch pipe. As 
the distance from the weld increases to 50 mm, the longitudinal residual stress on the 
inner and outer sides becomes negative. When the distance continues to increase to 350 
mm, the longitudinal residual stress on the inner and outer sides transitions to positive 
values. However, it should be noted that the longitudinal residual stress on the upper and 
bottom surfaces becomes negative at this point. The maximum value of residual stress is 
approximately 345 MPa in the upper and bottom sides of the branch pipe, and the maxi-
mum residual stress has reached the yield strength value of the base material. However, 
the residual stress in the inner and outer sides of the branch pipe is lower than the yield 
strength of the base material. 

Based on the information provided and the observation of Figure 9b, it can be noted 
that under path 1, the transverse residual stress on the inner side and outer side is rela-
tively lower. As the distance from the weld increases to 20 mm, the value of the residual 
stress approaches zero. On the other hand, the transverse residual stress on the upper side 
and bottom side is higher, reaching approximately 200 Mpa. As the distance from the weld 
increases, the value of the transverse residual stress gradually decreases and eventually 
falls within the range of 50 Mpa. The axial residual stress (transverse residual stress along 
path 1) trend on the outer surface of the branch in this study is consistent with that of the 
branch in reference [16], indirectly confirming the reliability of the residual stress results 
of the joint in this article. 

According to the observation of Figure 10a,b, it is evident that the longitudinal resid-
ual stress and transverse residual stress under path 2 exhibits a “small at both ends and 

Figure 10. The residual stress in the four faces of the branch along path 2: (a) longitudinal residual
stress; (b) transverse residual stress.

Based on the analysis of Figure 9a, it is evident that along path 1, there is a notable
presence of longitudinal residual stress near the weld on each side of the branch pipe.
As the distance from the weld increases to 50 mm, the longitudinal residual stress on
the inner and outer sides becomes negative. When the distance continues to increase to
350 mm, the longitudinal residual stress on the inner and outer sides transitions to positive
values. However, it should be noted that the longitudinal residual stress on the upper
and bottom surfaces becomes negative at this point. The maximum value of residual
stress is approximately 345 MPa in the upper and bottom sides of the branch pipe, and
the maximum residual stress has reached the yield strength value of the base material.
However, the residual stress in the inner and outer sides of the branch pipe is lower than
the yield strength of the base material.

Based on the information provided and the observation of Figure 9b, it can be noted
that under path 1, the transverse residual stress on the inner side and outer side is relatively
lower. As the distance from the weld increases to 20 mm, the value of the residual stress
approaches zero. On the other hand, the transverse residual stress on the upper side and
bottom side is higher, reaching approximately 200 Mpa. As the distance from the weld
increases, the value of the transverse residual stress gradually decreases and eventually
falls within the range of 50 Mpa. The axial residual stress (transverse residual stress along
path 1) trend on the outer surface of the branch in this study is consistent with that of the
branch in reference [16], indirectly confirming the reliability of the residual stress results of
the joint in this article.

According to the observation of Figure 10a,b, it is evident that the longitudinal residual
stress and transverse residual stress under path 2 exhibits a “small at both ends and large in
the middle” distribution pattern. Additionally, regardless of whether it is the longitudinal
or transverse residual stress, the residual stress values in the upper top surface and lower
bottom surface are greater than those in the inner and outer sides. The maximum value
of longitudinal residual stress is 345 MPa, which has reached the yield strength value of
the base material, and the maximum value of transverse residual stress is approximately
180 MPa.

4. Conclusions

In this study, the welding process of the RHS-to-RHS Y-shaped connection was tested
at the construction site, and the welding process was simulated using ABAQUS. The
error of the temperature field obtained from the numerical simulation was kept within an
acceptable range. Afterwards, the obtained temperature field was applied as a temperature
load to the joint, enabling the calculation of the welding residual stress field of the joint.
Based on the aforementioned research, the following conclusions can be drawn:
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(1) A multi-channel temperature acquisition instrument was adopted to obtain the actual
welding temperature–time history curve of RHS-to-RHS Y-shaped connections during
the field welding process.

(2) A method for analyzing the temperature field of RHS-to-RHS Y-shaped connection
welding has been developed. In this method, the welding process of the Y-shaped
joint was simulated using a double ellipsoidal moving heat source. The temperature
field obtained from numerical simulation was found to be in good agreement with
the curve of the measured temperature field, with the error in the temperature peak
at the end of each weld bead being within 10%.

(3) Based on the numerical simulation method proposed in this paper for analyzing the
welding temperature field, a comprehensive analysis was carried out on the welding
residual stress of the RHS-to-RHS Y-shaped connection. The findings indicate that
under the welding process described in this paper, the transverse and longitudinal
residual stresses in the short side of the branch pipe are higher compared to those in
the long side. Notably, the maximum transverse and longitudinal residual stresses
in the middle position of short side of the branch pipe reaches 345 MPa, which is
equivalent to the yield strength value of the base material.

(4) The research methodology discussed in this article can be extended to other welding
areas. For instance, it can be used to investigate the impact of TPU content on the
welding properties of PP and ABS blends, as well as to examine the fatigue strength
of welding lines in injection-molded products under varying tensile conditions.
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