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Research paper

Study on failure modes and calculation method of the cast
steel joint with branches in treelike structure

Feng Chen1, Yun Sun2, Shuxuan Sun3, Da Song4, Yangbing Liu5

Abstract: The treelike structure links members and transfers loads via its solitary cast steel joint with
branches. Therefore, the joint’s bearing capacity significantly affects the treelike structure’s stability, security,
and economics. This paper utilized experimental verification and numerical modeling to examine the
mechanical behavior of cast-steel joints with branches in the treelike structure under various loading
conditions. Then, researchers investigated the failure process and mechanism of joints, and the three most
common failure modes were outlined. Furthermore, the researchers proposed the bearing capacity calculation
formula based on the common failure modes. The results show that the three common failure modes of
the cast-steel joints with branches under different loading conditions are the failure in the joint core area
under the axial load, the failure in the main pipe compression side under eccentric load, and the failure in
the compression side of the single branch pipe root when the single branch pipe is under the uneven load.
The suggested empirical calculation method can serve as a reference point for similar engineering practices
design.

Keywords: cast-steel joint with branches, numerical simulation, experiment, failure mode, calculation
formula
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1. Introduction

Large-span space constructions symbolize the nation’s building science and technology
since they use various new materials and technologies and innovative and prolific designs [1–4].
Joints are typically utilized in critical parts with huge loads and complicated stress, which
plays a guiding role in ensuring the safety of the entire large-span space structures. Moreover,
joints with simple processing, easy installation, and low cost are also highly advantageous
for developing spatial structures. Common space structure joints consist of welded hollow
spherical joints, bolted spherical joints, and cast steel joints [5–9]. In recent years, a combination
of theory, experiment, and considerable computer analysis has been included in the study
methodology for large-span space structures. As construction levels advance, the categorization
of large-span space constructions is expanding significantly. The treelike structure based on
the bionics concept is increasingly utilized in long-span spatial constructions due to its novel
and attractive structural configuration, excellent bearing performance, and remarkable capacity
for comprehensive covering [10, 11]. In order to provide a seamless transition and weight
transfer between the main pipe and all branch pipes, the cast-steel joint with branches is often
employed as a crucial component of the treelike structure [12, 13].

On the one hand, the welding portion between the joint and components can be moved away
from the joint’s communal area. Alternatively, it can minimize building construction difficulties
and enhance safety. However, each level branch of the treelike structure is only connected by
a single joint. The failure of the joint will inevitably result in the collapse of the superstructure.
Consequently, it is crucial to investigate the bearing capability of cast steel joints with branches.
Sun [14] conducted a theoretical study of the cast-steel joint with three branches. Utilizing
SolidWorks and ANSYS software, they successfully modeled and analyzed the mechanical
characteristics of the joint under axial load. Tan [15] examined the joint construction technology
of the treelike structure, analyzing and discussing the selection, manufacturing, installation,
and other joint-related technical issues. The bending bearing capacity of the cast-steel joint
with four branches was studied by Wu [16, 17]. They comprehensively analyzed the factors
affecting the bearing capacity of the joint and provided a formula for calculating the bending
bearing capacity of a cast-steel joint with four branches. Du [18] studied the mechanical
performance of cast steel joints with branches subjected to eccentric loads and described this
type of joint’s contributing elements and failure processes. However, these studies focus solely
on the theoretical analysis of cast steel joints with branches, and their relevant experimental
validation is insufficient and lacks a systematic approach. Consequently, additional research is
required to master the mechanical properties of cast steel joints with branches. The number of
optimization design approaches for cast steel joints with branches is progressively growing
to enhance design efficacy and mechanical performance rationale. Wang [19] proposed the
topology optimization technique for the cast steel joint with branches, which is effective and
practical for determining the optimal joint form. The joint for topology optimization was made
using 3D printing techniques, so resolving the primary issue that the complicated shape formed
by topology optimization is difficult to construct using conventional technology. Wang [20]
developed an integrated technique based on generative design and additive manufacturing to
obtain an optimal cast steel joint that can improve joint production’s manufacturing technology
precision. Subsequently, they proposed that generative design and powder bed fusion on cast
steel joints with branches enhance intelligent construction optimization and feasibility [21].
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These studies focus on the design approaches and production procedures for cast steel joints
with branches that transcend conventional design. The objective remains to encourage using cast
steel joints with branches in engineering practice. Nevertheless, these methodologies are viable
as investigation avenues, but there is still a considerable gap in the application of engineering
practice. Therefore, to improve the engineering application of cast steel joints with branches,
this paper studies the joint’s mechanical characteristics under different loading conditions
through experimental research and numerical simulation. The joint’s stress distribution and
failure mechanism are evaluated, and the joint’s primary failure modes are outlined. Then,
practical formulas for bearing capacity with various failure causes were devised.

2. Experimental study

2.1. Material property

The cast-steel joint with branches is composed of a concurrent intersection between
a main pipe and multiple branch pipes. The geometric parameters that affect the mechanical
performance of the joint are the angle (θ) between the main pipe and branch pipes, the main
pipe length (L), the primary pipe diameter (D), the central pipe wall thickness (T), the branch
pipe length (l), the branch pipe diameter (d), the branch pipe wall thickness (t), the chamfer
radius (R1) between the main pipe and the branch pipes, the outside chamfer radius (R2)
between the branch pipe and the branch pipe, and the inside chamfer radius (R3) among the
branch pipes. Figure 1a shows the geometrical features of the joint. Tensile specimens were
conducted first to obtain the material properties of the studied joint members. The tensile tests,
which adhere to the Chinese code GB/T228.1-2021, were conducted using an INSTRON 1342
dynamic and static material testing machine [22]. The testing specimen is depicted in Figure
1b. The stress–strain (σ–ε) relationship curve for the specimen in the material property test is
plotted in Figure. 1c. The specimen’s material property testing results are fy = 265 MPa, E =
2.11 · 105 MPa, and fu = 394 MPa, respectively. The ultimate strain is 13.68%, the fracture
strain is 25.9%, and the ultimate-to-yield strength ratio is 1.49. Which meet the standards of
Q235 grade steel as specified in code GB50017-2017 [23].

(a) (b) (c)

Fig. 1. Joint: a) Geometrical features, b) testing specimen, c) stress-strain relationship curve
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2.2. Experimental program

Two cast steel joints with branch members were selected for the experiment, one for the
axial compression and the other for the eccentric compression. Experiments were conducted
using electro-hydraulic servo pressure testing equipment manufactured by China’s Jinan testing
machine manufacturer. The machine is digitally controlled with a load capacity of 1000 t, which
can handle the maximum load requirements. Figure 2 depicts the loading scheme diagram.

(a) (b) (c)

Fig. 2. Loading device schematic diagram: a) device, b) axial load, c) eccentric load

The experiment device schematic diagram is shown in Figure 2a. The loader is a hydraulic
jack positioned at the bottom end of the member, while a height-adjustable beam at the top end
restricts vertical movement. For the axial compression experiment, the load should be along
the axis, while in the eccentric compression experiment, the load was applied along the axis
with an eccentric, as shown in Figure 2b and Figure 2c.

2.3. Axial compression experiment

A full-scale experiment was carried out to understand the mechanical behavior of the
cast steel joint with branches under axial load. The joint member was produced by Xinxiang
Tengfei Factory in China and transported to the structural laboratory for test. Figure 3a depicts
the test member and loading apparatus under axial load. The formal loading consisted of five
steps, with each stage applying 1000 kN. The loading rate was 10 kN/s. The experiment loader
measured the member’s vertical displacement during the test, while strain gages and strain
rosettes measured the member’s stress variation. The placements of the measurement points
were separated into three areas: the main pipe upper part, the main pipe lower part, and the
joint core area (the intersection of the main pipe and the branch pipe). The position of the
measurement point is symmetrical, with three copies throughout the joint’s circumference.
Figure 3b depicts a frontal view of the measurement locations at the joint. Strain gauges
were located at the main pipe’s upper and lower parts, where the stress distribution was
straightforward. The strain rosette was located near the joint core area where the principal
stress direction is unclear, and the stress distribution is complicated.
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(a) (b)

Fig. 3. Axial compression experiment: a) member and loading device, b) measuring point

The strain gauge model is 120-5AA, the sensitivity coefficient is 2.0 ±1% mV/V, the base
dimension is 6.9 × 3.9 mm, the grid size is 2.0 × 1.0 mm, the strain limit value is 20000 um/m
and the applicable temperature range is –20~80◦C. The strain rosette model is 120-2CA-D150,
the sensitivity coefficient is 2.0 ±1% mV/V, the base dimension is 9.0 × 9.0 mm, the grid size
is 3.0 × 2.3 mm, the strain limit value is 20000 um/m and the applicable temperature range is
–20 ~80◦C. The placements of the measurement points were separated into three areas: the main
pipe upper part, the main pipe lower part, and the joint core area (the intersection of the main
pipe and the branch pipe). The position of the measurement point is symmetrical, with three
copies throughout the joint’s circumference. When the following phenomenon happens during
the loading process, it means that a plastic zone is forming in the member, which is approaching
its ultimate bearing capacity state: (a) Excessive strain variation at the measurement locations;
(b) The test member undergoes obvious deformation visible to the naked eye; (c) The loading
machine displays unloading. During this process, the testing machine’s maximum load reading
is the ultimate bearing capacity of the member. After each load level was applied, strain data
were collected and recorded using the strain box DH3815N. The axial compression experiment
results are shown in Figure 4.

(a) (b) (c)

Fig. 4. Axial compression results: a) relationship curve, b) deformation, c) stress distribution
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From figure 4a, it can be seen that the slope of the load-displacement curve grows linearly
in the initial stage. The slope exhibits nonlinear oscillations as the load increases, primarily
attributable to the loose contact between the member and the loading mechanism. When the
load approaches its ultimate carrying capacity, the load-displacement curve looks nonlinear,
indicating that the joint has entered the elastic-plastic state. Moreover, the maximum load
during the entire loading process is 5584 kN. figure 4b shows the actual deformation of the
member. The core area intersection between the member’s main pipe and branch pipes is
deformed, suggesting that this zone is the most hazardous for the joint under axial force. Figure
4c shows the load-stress relationship curves at each measuring point of the joint under axial
load. It may be deduced that the measurement points are essentially symmetrically organized
throughout the circumference of the joint axis and that the stress levels of these measuring
locations are essentially the same, suggesting that the load is aligned along the axis with little
eccentricity. The stress at each measurement location exhibits a linear relationship with load
values ranging from 1000 kN to 4000 kN. when the load reaches 5000 kN, the minimum
stress is 121.4 MPa at the main pipe, and the maximum is 235.7 MPa at the joint core area. it
indicates that the stress at the lower and upper of the main pipe are relatively small, while the
stress at the core area is relatively high.

2.4. Eccentric compression experiment

On the 1000 t electro-hydraulic servo pressure testing equipment, a full-scale model
experiment for a cast steel joint with branches under eccentric compression was also completed.
The experiment’s apparatus, loading scheme, and test data collection system are identical to
those of the axial compression experiment. Figure 5a shows the joint and loading device for the
eccentric experiment. During the experiment, the experiment loader recorded the member’s
vertical displacement, strain gages, and strain rosettes recorded the member’s stress variation.
Along the circumferential direction, the measurement point layouts were separated into four
regions: the joint main pipe upper part, the main pipe lower part, the joint core area, and the
branch pipe end part. The strain gauges are arranged at the main pipe upper (A1-A6) and lower
(B1-B6). The strain rosettes are arranged at the joint core area (C2, C4, and C6) and the branch
pipe end part (C1, C3, and C5). Figure 5b shows a frontal view of the measurement locations
at the joint. The DH3815N strain box was also used to measure and collect strain data.

The eccentric compression experiment results are shown in Figure 6. In the initial loading
stage, the load-displacement curve tends to be linear, and the member is subject to the elastic
stage. As the load approaches bearing capacity, the curve appears nonlinear, indicating that
the joint has entered the elastic-plastic state. Moreover, the maximum load during the entire
loading process is 4437 kN. Figure 6b shows the actual deformation of the member. It can be
observed that the compression side of the main pipe has a noticeable deformation, indicate
that this zone is the most hazardous for the memeber under eccentric load. Figure 6c shows the
stress at each measuring point of the joint under eccentric load. The maximum stress at the
main pipe upper part is 235.2 MPa, which occurs on the compressed side and the tensile side is
108.6 MPa, while the joint core area tensile side is 185.2 MPa and the stress on the compressive
side is 132.6 MPa. This shows a significant difference in stress levels between the compressive
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(a) (b)

Fig. 5. Eccentric compression experiment: a) member and loading device, b) measuring point

and tensile sides, and the impact of the bending moment is notable. The maximum stress of the
branch pipe end part is 138.2 MPa, located on the compressive side, and the minimum stress is
132.5 MPa on the tensile side. The stress change magnitude is relatively small, indicating that
the bending moment has a negligible impact on the stress distribution of the branch pipe. The
branch pipes’ stress level is relatively small, suggesting the branch pipes’ wall thickness can be
appropriately reduced while the bearing capacity of the joints is ensured in engineering.

(a) (b) (c)

Fig. 6. Eccentric compression results: a) curve, b) deformation, c) stress distribution

3. Finite element analysis

3.1. Establish model

Using the existing finite element software to construct a joint model makes it challenging
to achieve the seamless transition of the joints. This paper uses SolidWorks, a 3D modeling
software widely used in mechanical engineering, to realize the modeling of complex geometry
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structures. It can construct the model of cast-steel joint with branches with a smooth transition
and realize the upper-end face of branch pipes along the horizontal direction (Figure 7a) or
vertical to the branch pipes axis to be compatible with the actual project (Figure 7b). The
established joint model was imported into the finite element software ANSYS for analysis. The
model material of the joint is made of ZG20SiMn steel. The elastic modulus of the material
(E) is 2.0 · 105 N/mm2, the yield strength ( fy) is 235 MPa, and the Poisson’s ratio (µ) is 0.3.
The researchers chose the ideal elastic-plastic model to simulate the constitutive behavior of
the material [24–26]. The Von Mises stress yield criterion and associated flow rule were used
for the elastic-plastic analysis. The whole process response of the load displacement about the
joint was iteratively tracked by using the arc length method. After comparison, the researchers
chose the three-dimensional solid element Solid65 from the ANSYS element type library. The
element type has a quadratic displacement and is suitable for irregular grid division [27–30].
Figure 7c shows the joint finite element mesh.

(a) (b) (c)

Fig. 7. Joint Models: a) horizontal, b) vertical branch pipes axis, c) finite element mesh

3.2. Axial compression analysis

The finite element analysis of the axial compression experiment joint was carried out. The
boundary conditions are simplified as the main pipe end was fixed, and the branch pipes were
free. The load was applied to the branch pipe end in a manner of surface pressure. Figure 8a
shows the joint stress contour to enter the plastic stage. It indicates that although the stress
level of the main pipe and the branch pipe is lower, the yield strength of the joint core area
reaches first, and the core area is the weak part of the joint. Figure 8b shows the stress contour
of the joint reaching its ultimate bearing capacity. It indicates that, with the increasing load,
the plastic zone expands further along the joint core area. Finally, the joint loses the ability
to continue carrying loads due to forming a plastic hinge in the core area. In the process, the
stress level of the main pipe and branch pipes has significantly increased, but it is far from
reaching the yield strength of the joint. Therefore, the joint failure mode under the axial load
is the destruction at the core area intersection between the main pipe and branch pipes. The
finite element results were compared with the experimental results to verify the accuracy of
the finite element analysis. According to the arrangement position of the measuring point,
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researchers extracted the representative points A2 (the main pipe upper part), B22 (the main
pipe lower part), and C22 (the joint core area) stress values of finite element calculation results
and experiment results. Figure 8c shows the comparison results. The finite element results
(FE) agree with the experiment results (EX), which show that the finite element method is
correct and the procedure is feasible. From the stress variation characteristics of points A2,
B22, and C22, the stress value at the core area is more prominent, while the stress value at the
main pipe and branch pipes is smaller under the same load. Moreover, the stress distribution
rules of the test results are consistent with the finite element calculation results.

(a) (b) (c)

Fig. 8. Axial analysis: a) entering plasticity, b) reaching bearing capacity, c) comparison results

3.3. Eccentric compression analysis

When the finite element analysis was carried out on the eccentric compression joint, the
boundary conditions were simplified as the branch pipes end part was fixed, the main pipe end
part was free, and the eccentric load was applied to the main pipe end with a certain eccentricity.
Figure 9a shows the stress contour of the eccentric compression joint entering plasticity, and
only the main pipe’s compression side reaches the joint’s yield strength, showing that the main
pipe’s compression side is the joint’s weak part. Figure 9b shows the stress contour of the joint
reaching its ultimate bearing capacity, indicating that the plastic zone on the compression side
of the main pipe has expanded further along the circumferential direction of the main pipe.
When the main pipe’s compression side reaches the joint’s ultimate bearing capacity, it will
be destroyed. In the process, the stress level at the tensile side of the main pipe and the other
parts of the joint is low and far from reaching the yield strength. Therefore, the joint failure
mode under the eccentric load is the destruction at the end of the compression side of the main
pipe. Stress values of finite element calculation results and experiment results of the points at
the compression side (A1, B1, and C1) and tensile side (A4, B4, and C4) under different load
stages were extracted and compared, as shown in Figure 9c. As can be seen that the test results
and finite element calculation results are in good agreement. The compression side of the main
pipe reaches the yield strength at first which indicates the main pipe’s compression side is the
joint’s weak part.
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(a) (b) (c)

Fig. 9. Eccentric analysis: a) entering plasticity, b) bearing capacity, c) comparison results

3.4. Branch pipe under the uneven load analysis

When the treelike structure is subjected to uneven load, massive internal forces may be
generated in one of the branch pipes. Therefore, researchers carried out the finite element
analysis of the single branch pipe under uneven load. The joint’s calculation model fixed the
main pipe’s end, and the branch pipes were free. The load was applied to the upper end of one
branch pipe. Figure 10a shows the stress contour of the joint entering plasticity. As can be seen
that the compression side at the root of the branch pipe initially appears to bend while the stress
level at other parts is lower, which indicates that the root of the compression branch is the weak
part of the joint. Figure 10b shows the stress contour of the joint reaching its ultimate bearing
capacity. As can be seen that the plastic zone of the joint expanded further until the intersection
between the main pipe and the branch pipe entered the plastic zone ultimately. Finally, the
joint was destroyed for the plastic hinge formed in the root of the loaded branch pipe.

(a) (b)

Fig. 10. Uneven load analysis: a) entering plasticity, b) reaching bearing capacity
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4. Design method

4.1. Calculation formula establishment for axial compression

A comprehensive analysis of the existing norms and the study’s results on the different
joint calculation formulas shows a particular function between the bearing capacity and the
geometric parameters, material strength. The bearing capacity formulas [31–34] of the welded
tubular T-joints, the steel tubular XK-joints, and the multi-planar KX- and KT-joints under
axial loads are all expressed as Eq. (4.1). The cast steel joint with branches has the same
characteristics, and the same formula form can express the bearing capacity calculation formula.

(4.1) Fu = KT2 fy

where Fu is the bearing capacity of the joint; K is a parameter that contains the geometric
parameters such as θ, γ, β, and R3 of the joint; T is the pipe wall thickness; and fy is the
material yield strength of the joint.

In Eq. (4.1) expression of K is the research focus for different types of joints. Since K
is a comprehensive index reflecting the influence of various geometric parameters on the
joint bearing capacity, it is no longer a single study of the relationship between K and Fu but
a multiple of the relationship between each parameter and K . The parameters θ, γ, β, and R3
significantly influence the joint bearing capacity. However, the parameters L, R1, and R2 of the
joint have little influence on the joint bearing capacity, so these three parameters are ignored
during the analysis of comprehensive index K .

The functional relationship between the Kθ and θ was analyzed. The relationship between
the sine value of θ and Kθ in Eq. (4.2).

(4.2) Kθ = 0.60022 − 2.5311 sin θ + 6.59681 sin2 θ − 5.07388 sin3 θ

The relationship between γ and Kγ could be expressed as the power function in Eq. (4.3).

(4.3) Kγ = 4.3725γ0.66242

The linear relationship between the β and Kβ could express as Eq. (4.4).

(4.4) Kβ = 1 + 0.58856β

The regression analysis is conducted between R3 and KR3 . According to the principle of
dimensional analysis, it is required that the item of R3 contained in the formula is dimensionless.
Eq. (4.5) defined a dimensionless chamfer coefficient ρ to consider the influence of R3.

(4.5) ρ =
R3
√

dt

where d is the outer diameter of the branch pipe; t is the wall thickness of the branch pipe.
The finite element model shows that the joint ultimate bearing capacity is minimal when R3

exceeds or is equal to 100 mm. So R3 is limited to less than or equal to 100 mm on the ultimate
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bearing capacity calculation formula for the cast-steel joint with three branches. Through
regression analysis, the Chamfer coefficient ρ and KR3 relationship follows a linear relation
that could express as Eq. (4.6).

(4.6) KR3 = 1 + 0.33738
R3
√

dt

Because these four parameters are independent, the joint bearing capacity formula can be
obtained by multiplying them, following the method of establishing the bearing capacity on
joints in the existing standards, expressed as Eq. (4.7).

(4.7) F = 4.37251γ0.66242 (1 + 0.58856β)
(
1 + 0.33738

R3
dt

)
·

·

(
0.60022 − 2.5311 sin θ + 6.59681 sin2 θ − 5.07388 sin3 θ

)
fyT2

4.2. Calculation formula establishment for eccentric compression

The formula of the bearing capacity of joints under eccentric load can be simplified based
on the failure mode of the joint. After a comprehensive analysis of the experiment results
and the finite element analysis results, the cross-section of the main pipe can be used in the
calculation model for the bearing capacity of the joint. Figure 11 shows the simplified model.
M is the moment, N is the axial load, and e is the eccentricity.

Fig. 11. Simplified calculation model for eccentric compression

Equation (4.8) shows the formula of cast steel joints with three branches under eccentric
compression load.

(4.8) σ =
N
A
+

M
W
≤ [σ]

Where A is the cross-sectional area of the main pipe, W is the section modulus in bending
of the main pipe, and [σ] is allowable stress.

We can obtain Eq. (4.9) by substituting all the geometric parameters of the joint into the
Eq. (4.8).

(4.9) σ =
N

π
(
DT − T2) + 32M

πD3

[
1 −

(
1 −

2T
D

)4
] ≤ [σ]

where D is the outside diameter of the main pipe, and T is the wall thickness of the main pipe.
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The bending moment the Eq. (4.10) can obtain M .

(4.10) M = N · e

In the end, researchers obtained the formula of the ultimate bearing capacity of the cast
steel joint with three branches under eccentric load, as shown in Eq. (4.11).

(4.11) N =

π [σ]D3 (
DT − T2) [

1 −
(
1 −

2T
D

)4
]

32e
(
DT − T2) + D3

[
1 −

(
1 −

2T
D

)4
]

4.3. Calculation formula establishment for branch pipe under uneven
load

The bearing capacity formula of the branch pipe under the uneven load can be simplified
based on the failure mode of the joint. Figure 12 shows the simplified model of the root of
a branch pipe. M is the bending moment, N is the bearing capacity, and e is the eccentricity.

Fig. 12. Simplified calculation model for branch pipe under the uneven load

Equation (4.12) shows the formula of the cast-steel joint with three branches of the single
branch pipe under uneven load.

(4.12) σ =

√
(σN + σw)

2 + 3τ2 ≤ σ]

where [σ] is the allowable stress, σ is the equivalent stress of the joint, σN is the stress caused
by the axial force, σW is the stress caused by the bending moment, and τ is the stress caused
by the shear force.

Equation (4.13) shows the stress caused by the axial force.

(4.13) σN =
N
A
=

F cos θ
πt (d − t)

where A is the sectional area of the branch pipe, N is the axial force along the branch pipe
section, d is the outside diameter of the branch pipe, t is the wall thickness of the branch pipe,
θ is the angle between the main pipe and branch pipe.
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Equation (4.14) shows the stress caused by the bending moment.

(4.14) σw =
M
W
=

Fe
W
=

4dFe
πt (d − t)

(
d2 + 2t2 − dt

)
Equation (4.15) shows the stress caused by the shear force.

(4.15) τ =
Q
A
=

F sin θ
πt (d − t)

Q is the shear force.
Finally, researchers obtained the ultimate bearing capacity formula of the single branch

pipe under uneven load, as shown in Eq. (4.16).

(4.16) F =

√√√√√√√ π2t2 [σ]2 (d − t)2
(
d + 2t2 − 2dt

)2(
d2 + 2t2 − 2dt

) [ (
d2 + 2t2 − 2dt

)
+ 2 sin2 θ·

·(d2 + 2t2 − 2dt) + 8de cos θ

]
+ 16d2e2

The calculation formula can be simplified as the Eq. (4.17).

(4.17) F =

√
π2t2 [σ]2 X2Y2

X(X + 2 sin2 θX + 8de cos θ) + 16d2e2

where, X = d2 + 2t2 − 2dt and Y = d − t.

5. Conclusions
1. There are three failure modes of the cast-steel joints with branches under different

loading conditions: the failure in the core area of the joint under the axial compression
load, the failure in the main pipe compression side under eccentric load, and the failure
at the compression side of the single branch pipe root when the single branch pipe is
under the compression load.

2. The bearing capacity of the joint with bending moment in its internal forces is lower than
others. So the bending moment significantly influences the ultimate bearing capacity of
the joint. In the joint design, the corresponding staff should reduce the bending moment
as far as possible to ensure it mainly bears the axial load.

3. The fillet radius at the intersection between pipe and pipe significantly influences the
bearing capacity of the joint. The appropriate fillet radius of the joint can significantly
reduce the stress concentration and delay the yield process.

4. The formulas for calculating the bearing capacity based on the different failure modes of
the cast steel joint with branches are consistent with the existing formulas in building
codes, which can provide a reference for the related engineering design.

5. The branch pipes’ stress level is relatively small, suggesting the branch pipes’ wall
thickness can be appropriately reduced while the bearing capacity of the joints is ensured
in engineering.
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