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Abstract

To address the challenges encountered during the in situ welding reinforcement process of
hollow spherical joints, including complex construction, limited quality control, and low
efficiency, this study proposed a prefabricated reinforced hollow spherical joint. A three-
dimensional finite element (FE) model was developed and validated against experimental
results to quantify the effects of T-rib web width (b), web thickness (t1), ferrule thickness
(t2), hollow-sphere diameter (D), and bolt pretension (f v) on the bearing capacity of the
prefabricated joint. Based on these analyses, a predictive model was established for the
axial compressive bearing capacity of the prefabricated joint. The results showed that,
under compression, the reinforcing components primarily provided a supporting role to
the hollow sphere, thereby improving the buckling resistance of the prefabricated joint
under compression. The reinforcement mechanism primarily relied on friction between
the ferrule and the steel stub for load transfer, with the available frictional resistance
governed primarily by bolt pretension and the stiffness of the reinforcing components.
When sufficient friction existed between the ferrule and the steel tube, increasing the T-rib
web width from 0 mm to 80 mm improved the bearing capacity of the prefabricated joint
by 33%. At a T-rib flange height (h)-to-web width ratio of h/b = 1.0, the T-rib satisfied the
reinforcement requirement through its inherent strength and stiffness. As the hollow-sphere
diameter-to-thickness ratio decreased, the incremental gain in bearing capacity diminished.
A predictive model was proposed for compressive bearing capacity by accounting for
the support provided by the reinforcing components and the effects of hollow-sphere
diameter, steel-tube diameter, and the tube-to-sphere diameter ratio. The proposed model
predicted the FE results with errors within ±10%, and the findings can provide a practical
reference for designing the compressive bearing capacity of prefabricated reinforced hollow
spherical joints.

Keywords: welded hollow spherical joints; prefabricated reinforcement; finite element
analysis; parametric analysis; bearing capacity; theoretical model
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1. Introduction
1.1. Background, Motivation, and Objective

Welded hollow spherical joints are widely used in large-span spatial grid structures
because of their simple configuration and clear load-transfer path. As the primary load-
transferring components in spatial grid systems, their mechanical performance directly
determines the safety of the structure. During long-term service, welded hollow spherical
joints are susceptible to environmental degradation and loading variations; Therefore,
safety assessment and reinforcement strategies require urgent attention. In recent years,
researchers have conducted systematic experimental, numerical, and theoretical investi-
gations on the mechanical behavior, failure mechanisms, and design methods of welded
hollow spherical joints, thereby providing essential support for the safe application of
hollow spherical joints. For example, Zhang et al. [1] introduced a novel welded hollow
spherical bolted joint for fully assembled large-span spatial steel structures, enhancing con-
struction speed and decreasing energy consumption during manufacturing. Wen et al. [2]
conducted a systematic study on the mechanical properties of H-beam welded hollow
spherical joints under axial tension, axial compression, and eccentric compression, and they
proposed a practical calculation model. Xing et al. [3] conducted uniaxial compression tests
on full-scale specimens and demonstrated that the compressive failure of high-strength
steel joints was governed by elastic–plastic buckling. Shu et al. [4] proposed a simplified
analytical model to clarify the stress distribution in welded hollow spherical joints with
triangular ribs. They derived an analytical solution for the yield strength of these joints
based on the theory of elastic shells. Shu et al. [5] conducted axial compression tests on four
full-size hollow spherical joints. Based on the results from these tests and FE simulations,
they proposed a formula for calculating the bearing capacity of welded hollow spherical
joints with stiffeners. Chen et al. [6] studied the mechanical properties and failure mecha-
nisms of single-plate welded hollow spherical joints with varying parameters under axial
tension. Collectively, these studies have systematically clarified the failure mechanisms
of welded hollow spherical joints under various conditions, established evaluation and
design approaches for bearing capacity of the joints, and provided a theoretical basis for
mechanical performance assessment and the safe service of spatial grid structures.

As building functions are enhanced and service environments grow more complex,
critical joints in existing structures often need reinforcement to improve their reliability and
durability for safe operation. Therefore, identifying the dominant factors governing the
mechanical performance of reinforced hollow spherical joints and, on this basis, propos-
ing effective reinforcement schemes has become an urgent scientific issue. Liu et al. [7]
investigated the tensile strength of CFRP-reinforced welded hollow spherical joints and
found that tensile strength increased markedly with the number of CFRP layers. Zhao
et al. [8] studied the bearing capacity of welded hollow spherical joints reinforced with
conical components and proposed an artificial-neural-network-based predictive model for
compressive bearing capacity. Tian et al. [9] examined the progressive-collapse resistance
of joints reinforced with internal ferrules and found that internal ferrules significantly
improved the bearing capacity and deformation capacity of conventional joints, with the
maximum increase reaching 60.4%. Zhao et al. [10] compared reinforcement schemes using
stochastic FE analysis and found that the proposed conical-component scheme performed
better, achieving an increase in compressive bearing capacity approximately 2.5 times that
of the hemispherical scheme. Guo et al. [11] investigated joints reinforced with unilateral
annular ribs and found that annular ribs increased compressive resistance by 76% relative to
unreinforced joints, while the ductility coefficient increased from 1.37 to 1.79. Xu et al. [12]
conducted axial compression tests on joints with external stiffeners and found that the
number, thickness, and height of stiffeners were positively and linearly correlated with
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joint compressive resistance. Qiu et al. [13,14] employed the element birth–death method
to examine the effects of envelope ratio and sphere-diameter ratio on the mechanical per-
formance of welded hollow spherical joints. These studies collectively clarify how various
reinforcement schemes improve the bearing performance of welded hollow spherical joints.
They have established calculation models for both bearing capacity and stiffness, providing
a reliable support for the design and evaluation of reinforcement joints.

However, spatial grid structures have large spans, with structural heights exceeding
100 m. When reinforcing welded spherical joints, traditional approaches such as circum-
ferential external welding are commonly adopted; Nevertheless, they often entail difficult
high-altitude welding operations [15,16], challenges in quality control [17–20], and low
construction efficiency [21–23]. To address these limitations, our research group [24] pro-
posed a novel prefabricated reinforcement scheme. As shown in Figure 1, the reinforcing
component was fabricated in the factory by welding the annular T-rib flange and web
to the ferrule (Figure 1a). On site, reinforcing components on both sides of the welded
hollow sphere were connected to the steel tubes using high-strength bolts. The frictional
resistance generated by contact pressure between the ferrule and the steel tubes was then
mobilized to enhance tensile, compressive stiffness, and bearing capacity of the spherical
joint (Figure 1b). During factory fabrication, a gap should be maintained between the
ferrules on both sides of the steel tube to ensure effective mobilization of bolt pretension.
Accordingly, the reinforcement objective can be achieved by adjusting parameters such
as the number of high-strength bolt rows on the ferrule, the bolt pretension level, and the
dimensions of the T-rib flange and web.

  
(a) Disassembly Diagram (b) Assembly Completion Diagram 

Figure 1. Prefabricated reinforcement scheme.

Compared to traditional circumferential external welding methods, the prefabricated
reinforcement hollow spherical joints proposed in this paper exhibited significant advan-
tages in constructability. Welding reinforcement required a large amount of on-site welding
under high-altitude working conditions, and the construction quality was greatly affected
by the environment, with complex procedures and low efficiency. Prefabricated reinforce-
ment, on the other hand, adopted a dry operation method involving factory-prefabricated
reinforcement components and on-site high-strength bolt connections, which can effec-
tively avoid the problem of difficult-to-control welding quality at heights and significantly
improve construction speed and quality stability. In terms of applicability, prefabricated
reinforcement was particularly suitable for projects with moderate reinforcement needs
and tight schedules. It can also be combined with welding reinforcement to form a gradient
combination scheme to meet different bearing capacity enhancement needs. In terms of
efficiency, although prefabricated reinforcement slightly fell short of welding reinforcement
in terms of stiffness and bearing capacity enhancement, it can effectively improve the
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energy dissipation capacity of the joint by delaying the fracture process of welds [24], and
it also offered better construction convenience and controllability.

In summary, welded hollow spherical joints are susceptible to radial instability of
the hollow sphere under compression, and their compressive failure mechanisms have
long attracted considerable research attention. Based on the experimental results reported
in Ref. [24], and accounting for geometric nonlinearity, material nonlinearity, and initial
imperfections, a three-dimensional FE model was established incorporating circular steel
tubes, the hollow sphere, the ferrule, T-ribs, and high-strength bolts. The validity of the
FE model was systematically evaluated through comparisons of joint failure modes, load–
displacement curves, and bearing capacity. Subsequently, the influence of key parameters,
including the width (b) of the T-shaped rib web, the thickness (t1) of the web, the thickness
(t2) of the ferrule, the diameter (D) of the hollow sphere, and the bolt pretension force
(f v), on the compressive bearing capacity was investigated. A model for calculating the
compressive bearing capacity of prefabricated reinforced joints was proposed. These
research results can provide a reference for the design of prefabricated reinforcement
hollow spherical joints in long-span grid structures.

1.2. Novelty of Research Works

Compared with previous work [24] and other reinforcement methods reported in the
literature, the main novelty of this study is:

(1) In Ref. [24], the author compared and analyzed the effects of various factors on the
seismic performance of joints through a cyclic loading test. These factors included
the reinforcement method, the number of welded ribs, the width-to-thickness ratio
of the assembled ribs, and the pretension force of high-strength bolts. The study
mentioned in Ref. [24] was limited by test duration and cost constraints, resulting in
only five reinforced spherical joints being tested. In addition, the limited number of
specimens made reliable quantitative research findings. Therefore, compared with
the literature [24], the innovation of this study was that it focused on the compression
condition of hollow spherical joints (because the hollow spherical joints were more
prone to bifurcation instability when they were compressed, which was more harmful
to the safety of the structure). In this paper, through the FE model based on experi-
mental verification, the FE analysis of about 50 assembled hollow spherical joints was
carried out under monotonic compression conditions, and systematic quantitative
research results were formed. The research results had important reference value for
the design of compressive bearing capacity of assembled reinforced spherical joints.

(2) Compared with the reinforcement methods proposed in other studies, the innovation
of this paper was mainly reflected in the following aspects: the reinforcement compo-
nents were prefabricated in a factory, and the joint reinforcement was completed at the
construction site by tightening high-strength bolts. Additionally, there was minimal
welding required on-site. Therefore, the method of assembly reinforcement can effec-
tively avoid the problems caused by on-site welding. For instance, when welding and
strengthening hollow spherical joints, in situ construction and high-altitude welding
were usually required. There were some problems, such as the difficulty of ensuring
the welding quality, the slow construction speed, and the adverse effect of welding
residual stress on the bearing capacity of the joints [25–28].
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2. Establishment and Validation of the Finite Element Model
2.1. Establishment of the Finite Element Model
2.1.1. Geometric Model and Element Types

A nonlinear FE model was developed using the as-built dimensions of the welded
hollow spherical joint reported in Ref. [24]. The steel tube, welded hollow sphere, ferrule,
T-rib, end plate, and high-strength bolts were modeled using three-dimensional solid
elements. The 8-node hexahedral solid element with reduced integration in ABAQUS was
adopted. Mesh quality was closely related to the accuracy of the numerical results and
the computational cost. The three-dimensional model was first partitioned into several
geometrically regular regions, and structured meshing was then applied. Given the complex
stress state in high-strength bolts, mesh refinement was applied to the bolt components. In
addition, to mitigate convergence issues caused by mesh-size mismatch between the bolt
and ferrule, local refinement was performed in the ferrule contact region adjacent to the
high-strength bolts.

For prefabricated reinforced hollow spherical joints, the compressive bearing capacity
was often determined by local compressive buckling failure. Using the mesh of unreinforced
hollow spherical joints as an example, the compressive load–displacement curves of hollow
spherical joints with mesh sizes of 4 mm, 6 mm, and 10 mm were compared and analyzed,
as shown in Figure 2, which illustrates that mesh sizes significantly affected the numerical
analysis results of the joints. The smaller the mesh size was, the closer the analysis results
were to reality. When the mesh size was 6 mm, the load–displacement curve was very close
to the analysis results when the mesh size was 4 mm. Therefore, to balance accuracy and
computational cost, the bolt mesh size was set to 3 mm, whereas a 6 mm mesh size was
used for the remaining components. The mesh configurations of all model components are
shown in Figure 3.

Figure 2. The influence of mesh size on the load–displacement curve of joints.

2.1.2. Constitutive Model

The von Mises criterion was adopted to define yielding of steel, and kinematic hard-
ening was used to represent the post-yield plastic response. A bilinear elastic–plastic
constitutive model was employed for both the steel and the high-strength bolts. In the
FE model, the steel elastic modulus and yield strength were obtained from the true stress–
strain curves of steel, and Poisson’s ratio was set to 0.3. The material parameters are listed
in Table 1.
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(a) Hollow sphere (b) Steel tube (c) Web 

   
(d) Ferrule (e) Curved T-rib (f) High-strength bolt 

   
(g) Unreinforced joint (h) Welded rib-reinforced joint (i) Prefabricated reinforced joint 

Figure 3. Grid division diagram for each component of the model.

Table 1. Mechanical parameters of steel and high-strength bolts in FE models.

Material Name E/MPa f y/MPa f u/MPa

Q235-6 206,000 283 440
Q235-10 206,500 312 475

Grade 8.8
High-Strength Bolts 207,000 640 800

Note: E denotes the elastic modulus of steel; f y and f u represent the yield strength and ultimate tensile strength of
steel, respectively.

2.1.3. Boundary Conditions

In the experiment, the welded hollow spherical joints had a fixed end and a loading
end. The fixed end was connected to the reaction frame using a high-strength bolt and end
plate, whereas the loading end was connected to the MTS actuator using a high-strength bolt
and the other end plate [24]. The fixed end was idealized as a rigid connection, whereas the
loading end was allowed to translate only in the axial direction. The boundary conditions
and loading scheme of the FE model are illustrated in Figure 4. First, the outer surface of
the end plate for the loading end was coupled to a reference point (RP1) at its center. The
outer surface of the one for the fixed end was coupled to the other reference point (RP2) at
its center, as shown in Figure 4. A fully fixed constraint was applied to RP2. At RP1, all
degrees of freedom were constrained except for translation in the Y direction. A prescribed
displacement was applied in the negative Y direction to investigate the joint response under
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monotonic compression. The displacement increment matched the loading-step size used
at the loading end in the experiment.

Figure 4. Schematic diagram of boundary conditions and loads.

2.1.4. Analysis Step Definition

For the unreinforced and welded-reinforced specimens, a single analysis step was
defined. Geometric and material nonlinearities were considered, and the large-deformation
option was activated. An axial compressive displacement consistent with the experimental
protocol was applied at the coupled reference point RP1. For the prefabricated reinforced
specimens, three analysis steps were defined to simulate bolt pretension and subsequent
loading. In the first step, pretension forces of 80 kN were applied to Grade 8.8 M16 high-
strength bolts, in accordance with JGJ82-2011 Technical Specification for High-Strength Bolt
Connections of Steel Structures [29]. In the second step, the current bolt length was fixed to
represent the locking effect and sustained clamping state after pretensioning. In the third
step, an axial displacement consistent with the experimental loading scheme was applied
at RP1 on the loading end.

2.1.5. Contact Definition

For the unreinforced and welded-reinforced joints, welded interfaces were modeled
using “tie” constraints, including the connections between the hollow sphere and steel
tube, steel tube and end plate, end plate and stiffener, stiffener and steel tube, as well as
between the welded rib plate and the hollow sphere and steel tube. In the prefabricated
reinforced joint model, high-strength bolts were simplified by representing the shank as a
cylinder with a diameter equal to the effective bolt diameter, and the nut as a cylinder of
corresponding dimensions. Hard contact was defined between the bolt and the ferrule, the
ferrule and the steel tube, and the T-rib flange and the hollow sphere. Tangential behavior
was modeled using Coulomb friction with a coefficient of 0.3, whereas normal behavior
was defined using a linear contact formulation with a contact stiffness of 1000 N/mm.

In the prefabricated reinforced joint model, the friction coefficient was set at 0.3,
determined based on typical friction coefficient values for untreated steel surfaces under
high-strength bolt connections as specified in relevant specifications and literature. The bolt
pretension was applied according to the provisions of JGJ82-2011 [29] for the corresponding
bolt specifications and performance levels. These parameters directly affected the anti-slip
capability of the contact interface and the timing of slip initiation between the ferrule and
the steel tube. Changes in the friction coefficient or pretension force can alter the load
transfer path and internal force distribution, thereby affecting the collaborative deformation
capacity of the joint, initial stiffness, bearing capacity, and energy dissipation performance.

2.1.6. Initial Geometric Imperfections

Because geometric imperfections inevitably arise during fabrication, transportation,
and installation, an elastic buckling analysis was first performed in ABAQUS to extract
the first five buckling modes for evaluating their influence on joint stiffness and bearing
capacity. The ABAQUS input file was subsequently modified, and the first buckling mode
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was selected and scaled by an imperfection amplitude factor of 1/300 [28] before being
introduced as the initial geometric imperfection.

2.2. Model Validation

Guo et al. [11] proposed a reinforcement scheme using a unilateral annular welded
rib for hollow spherical joints and conducted axial compression tests on welded hollow
spherical joints. Under axial compression, failure modes, load–displacement responses,
and change rules in bearing capacity before and after reinforcement were systematically
analyzed. The specimen design parameters and mechanical indices are listed in Table 2.
Two groups of welded hollow spherical joint specimens were designed for the compression
experiment. The hollow sphere and steel tube had dimensions of 200 mm × 6 mm and
60 mm × 4 mm, respectively. In the test specimens, the hollow sphere, steel tube, and
welded curved rib were fabricated from Q235 steel. The yield strengths of the steel used for
different components are given in Table 2.

Table 2. Test piece parameters and mechanical indicators.

Group Specimen
Number f yt N/mm2 f ys N/mm2 f r N/mm2 (d × tt)/mm (D × ts)/mm (b × t1)/mm Loading Type

1 W235-AC-U 252 246 - 60 × 4 200 × 6 - Compression
2 W235-AC-R 252 246 239 60 × 4 200 × 6 60 × 6 Compression

3 Specimen 3-3 312 283 - 76 × 10 200 × 6 - cyclic tension-
compression

Note: f yt is the yield strength of the steel tube material; f ys denotes the yield strength of the hollow sphere material;
f r is the yield strength of the annular rib material; d presents the diameter of the steel tube; tt denotes the wall
thickness of the steel tube; D refers to the diameter of the hollow sphere; ts means the wall thickness of the hollow
sphere; b signifies the width of the annular rib; and t1 presents the thickness of the annular rib.

Ref. [24] analyzed the influence of different reinforcement methods, the number of
welded ribs, the width-to-thickness ratio (b/t1) of the T-shaped rib web, and the pretension
force of high-strength bolts on the seismic performance of joints through cyclic loading tests.
Specimen 3-3 from Ref. [24] was chosen to validate the FE model presented in this paper
for simulating the friction slip phenomenon between the ferrule and the steel tube. The
tensile properties of the steel used in specimen 3-3 are shown in Table 2, and the geometric
structure diagram is shown in Ref. [24].

Figures 5 and 6 compare failure modes and load–displacement curves of the joints
obtained from experiments and FE analysis, respectively. A comparison of bearing capacity
between them is presented in Table 3. As shown in Figure 5, the failure modes predicted
by the FE model were consistent with the experimental observations. The model can
effectively simulate local buckling of the hollow sphere and the buckling response of the
welded annular stiffening rib under compression.

Additionally, Figure 5c illustrates that when subjected to cyclic tension and compres-
sion loads, the connection weld between the steel tube and the sphere of the prefabricated
reinforced hollow spherical joint failed, resulting in significant shedding of lime powder
near the fracture zone. All of which indicated that the elastic–plastic deformation in this
area was large. In the FE analysis, the stress at the joint between the steel tube and the
sphere, as well as in its vicinity, was greater, indicating that a fracture was more likely
to occur at this location than at others. The reinforcement mechanism of the assembled
reinforced spherical joint was that part of the external load acting on the steel tube was
transmitted to the sphere, and the other part was transmitted to the reinforcement com-
ponent through the friction force generated between the ferrule and the steel tube. The
reinforcement component distributed part of the load over the spherical surface, thereby
enhancing the bearing capacity of the joint. The FE analysis revealed high stress in the
connection area between the T-shaped rib and the ferrule, indicating that the internal force
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generated by the reinforcement component was significant. As shown in Figure 6, the cal-
culated load–displacement curves agreed well with the experimental trends. However, the
numerical model predicted a higher initial stiffness than that observed experimentally. This
discrepancy was mainly attributable to the idealized boundary conditions in the FE model.
In the experiments, rigid-body displacements occurred to varying degrees during loading.
In addition, residual stresses in the welds were not included, which further contributed to
the higher initial stiffness predicted by the FE analysis. Nevertheless, Table 3 showed that
discrepancies between FE predictions and experimental results for joint bearing capacity
were within 7%, indicating that the present model reliably captured the axial compressive
load-bearing performance of reinforced welded hollow spherical joints.

 
(a) Unreinforced joint 

 
(b) Welded rib-reinforced joint 

 
(c) Prefabricated reinforced welded hollow sphere joint 

Figure 5. Comparison of destructive modes.

https://doi.org/10.3390/buildings16071364

https://doi.org/10.3390/buildings16071364


Buildings 2026, 16, 1364 10 of 21

 

 

 
(a) Unreinforced joint  (b) Welded rib-reinforced joint 

 

 

(c) Prefabricated reinforced welded hollow sphere joint 

Figure 6. Comparison of load–displacement curves.

Table 3. Comparison of ultimate bearing capacity.

Group Specimen
Label

Test Value
(kN)

Average
Value (kN)

FE Value
(kN) Error (%)

1
W235-AC-U1 217.5

203.2 206.5 1.62W235-AC-U2 203.9
W235-AC-U3 188.3

2
W235-AC-R1 367.3

356.8 333.2 7.08W235-AC-R2 360.4
W235-AC-R3 342.8

3 Specimen 3-3 365.7 - 376.0 1.03
Note: Load-bearing capacity values of Specimen 3-3 are averaged across positive and negative directions.

Figures 7 and 8 show the stress contours of the contact pressure and shear stress at
the interface between the steel tube and the ferrule of specimen 3-3, respectively. Figure 7
showed that when the bolt pretension force was applied, the contact compressive stress was
generated between the steel tube and the ferrule. Figure 8 clarified that the interfacial shear
stress increased as the load enhanced, indicating that the interfacial friction force created by
the bolt pretension force was more effective in transferring the internal forces experienced
by the steel tube. Therefore, the FE model in this paper can effectively simulate this
force transfer process, reproducing the failure mechanisms and deformation characteristics
before and after reinforcement.
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Figure 7. Interface contact compressive stress between the steel tube and ferrule.

 
(a) F = −395.21 kN (tension) (b) F = 513.82 kN (compression) 

Figure 8. Interface shear stress between the steel tube and ferrule under different loads.

3. Parametric Analysis
Ref. [24] experimentally investigated the seismic performance of this type of pre-

fabricated joint under cyclic loading, comparing it with unreinforced joints. The study
also examined the associated failure mechanisms, load-bearing performance, and energy
dissipation capacity. To quantitatively evaluate load-bearing performance under axial
compression, a systematic parametric analysis was conducted with T-rib web width b,
web thickness t1, ferrule thickness t2, hollow-sphere diameter D, and bolt pretension force
f v as variables. The specimen design satisfied the detailing requirements of CECS 77:
96 Technical code for Strengthening of Steel Structures [30]. The parameter values were
defined as follows. The T-rib web width was set to 20, 40, 60, and 80 mm, corresponding to
T-rib flange height (h)-to-web width ratios (h/b) of 0.00, 0.33, 0.67, and 1.00, respectively.
On each side, two bolts were arranged on each ferrule in a single row, and bolt pretension
forces were set to 20, 40, 60, and 80 kN. The detailed parameters are listed in Table 4.
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Table 4. Model parameters.

Tube and Sphere
Dimensions/mm b/mm h/b t1/mm t2/mm f v/kN

Tube (200 × 6)
Sphere (60 × 6)

0, 20, 40, 60, 80 2/3 6 6 20, 40, 60, 80
60 0, 1/3, 2/3, 1 6 6 20, 40, 60, 80
60 0, 1/3, 2/3, 1 2, 4, 6, 8 6 60
60 2/3 6 2, 4, 6, 8 20, 40, 60, 80

Note: b is the web width of the T-rib, t1 denotes the web thickness, h presents the flange height of the T-
rib, and t2 denotes the thickness of the ferrule, as shown in Figure 1; f v refers to the pretension force of the
high-strength bolts.

3.1. Load–Displacement Characteristics

The compressive load–displacement curves of the prefabricated reinforced hollow
spherical joint were obtained from systematic FE analyses. Because the calculated load–
displacement curves were similar across all numerical models, only a representative case
was presented for comparison (Figure 9). Figure 9 showed that, for variations in T-rib
web width b, height-to-width ratio h/b, web thickness t1, and ferrule thickness t2, the
load–displacement response increased approximately linearly up to the yield load. Be-
yond yielding, the curve slope gradually decreased, indicating similar patterns of plastic
development and failure. As shown in Figure 9a,c, with increasing web width b and web
thickness t1, the bearing capacity of the prefabricated reinforced joint continued to increase,
whereas the marginal gain gradually diminished. The increase was mainly attributed
to the enhanced strength of the reinforcing components. Once the component strength
became sufficiently high, the bearing capacity was governed primarily by the friction force
between the ferrule and steel tube, consistent with the behavior in Figure 9d. Increasing bolt
pretension significantly improved load-bearing performance, and the load–displacement
curves exhibited distinct differences. The behavior arose because the reinforcing system
transferred load mainly through the friction force between the ferrule and the steel tube,
and the available frictional resistance was governed mainly by bolt pretension and the
stiffness of the reinforcing components, including the ferrule. Overall, the mechanical
response of the prefabricated reinforced joint was determined by the strength and stiffness
of the reinforcing components and the friction force between the ferrule and the steel tube.

3.2. Load-Bearing Performance Analysis

In engineering design, there may be coupling effects between some variables. For
example, when the specifications of the bolts differ, the edge distance, end distance, and bolt
spacing on the connecting plate will be affected. Therefore, when studying the influence
of bolt pretension force on the bearing capacity of reinforced spherical joints, if the bolt
specifications were changed, in addition to the change in bolt pretension force, the size of
the ferrule would also change due to the need for installation space, which made it difficult
to quantify which factor caused the change in bearing capacity. Based on this, this paper
chose the single variable control method to study the influence of relevant parameters on
the bearing capacity of reinforced spherical joints. That was, when analyzing the influence
of a certain parameter on the bearing capacity of the joint, only the value of the parameter
was changed, while the other parameters were kept unchanged. The purpose was to
quantitatively analyze the influence of a single parameter on the bearing capacity of the
joint and to clarify its changing trend. The advantage of this method is that it can avoid the
interference of other variables, so that the influence level can be accurately evaluated in the
joint design.

In addition to analyzing the influence of bolt pretension force on the bearing capacity of
the joints, all the prefabricated reinforced hollow spherical joints in this study were applied
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with the corresponding bolt pretension force according to the specification JGJ82-2011 [29],
which made it close to the engineering design practice.

  
(a) h/b = 2/3, t1 = 6 mm, t2 = 6 mm, fv = 60 kN (b) h = 60 mm, t1 = 6 mm, t2 = 6 mm, fv = 60 kN 

  
(c) h/b = 2/3, h = 60 mm, t2 = 6 mm, fv = 60 kN (d) h/b = 2/3, h = 60, t1 = 6 mm, t2 = 6 mm 
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Figure 9. Compression load–displacement curves.

3.2.1. Effect of T-Rib Web Width

Figure 10 shows the effect of T-rib web width b on the bearing capacity of the pre-
fabricated reinforced hollow spherical joint, with all other parameters held constant. The
T-rib web width b ranged from 0 to 80 mm. Figure 10 indicates that the bearing capacity
of the prefabricated reinforced hollow spherical joint increased with web width, and the
magnitude of the increase depended strongly on bolt pretension. For example, at a bolt
pretension of f v = 20 kN, increasing the web width from 0 to 20 mm improved the bearing
capacity by less than 15%. Further increases in b produced little additional gain because the
low pretension provided insufficient friction at the ferrule and steel tube interface, leading
to slip and preventing full mobilization of the reinforcing components. At f v = 80 kN,
increasing the web width from 0 to 20 mm enhanced the bearing capacity by more than
15%. Increasing b from 0 to 80 mm increased the bearing capacity of the prefabricated
reinforced joint by 33%. These results indicated that, when sufficient friction existed at
the ferrule and steel tube interface, increasing b significantly enhanced reinforcement ef-
fectiveness. The improvement can be attributed to the higher strength and stiffness of the
reinforcing components provided by a larger web width, which increased the share of
externally applied compressive load carried by the reinforcement. As a result, compressive
demand on the hollow sphere was reduced, and the overall joint capacity improved.
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h/b = 0.67, t1 = 6 mm, t2 = 6 mm 

Figure 10. The effect of T-shaped rib width.

3.2.2. Effect of T-Rib Web Thickness

Figure 11 shows the effect of the T-rib web thickness t1 on the bearing capacity of the
prefabricated reinforced hollow spherical joint while all other parameters are held constant.
Figure 11 displayed that the bearing capacity increased as the T-rib web thickness improved,
whereas the incremental gain gradually diminished. When the h/b = 0, increasing the
web thickness from 2 mm to 6 mm improved the joint bearing capacity by approximately
30%. Increasing the web thickness from 6 mm to 8 mm did not significantly alter the
bearing capacity. This behavior was mainly attributed to the absence of the T-rib flange:
the web exhibited low out-of-plane stiffness and was prone to out-of-plane buckling under
compressive loading. Increasing the web thickness improved the out-of-plane stiffness
and enabled the reinforcing effect to be more fully mobilized. Under relatively large
compressive loads, slip may occur because of insufficient friction between the ferrule
and the steel tube, which reduces the reinforcement effectiveness. When the h/b = 1.0,
increasing the T-rib web thickness did not markedly improve the bearing capacity of the
hollow spherical joint. For example, increasing the T-rib web thickness from 2 mm to 8
mm increased the bearing capacity by less than 10%. The primary reason was that the web
and the flange provided mutual restraint, which enhanced the stiffness and strength of the
T-rib. When h/b = 1.0, the T-rib plate can satisfy the joint reinforcement demand based on
its inherent strength and stiffness. Therefore, the T-rib flange-height-to-web-width ratio is
recommended to be h/b = 1.0, and the T-rib web thickness t1 should be no less than the
wall thickness of the welded hollow sphere.

b = 60 mm, t2 = 6 mm, fv = 60 kN 

Figure 11. The effect of T-shaped rib thickness.
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3.2.3. Effect of Ferrule Thickness

Increasing the ferrule thickness reduces its deformation under the designed bolt
pretension force, thereby generating greater pre-compressive action between the ferrule
and the steel tube and increasing the friction between them. The increase in friction
enhances the reinforcement effectiveness of the reinforcing components. Figure 12 shows
the effect of ferrule thickness on the bearing capacity of the reinforced hollow spherical
joint. The bearing capacity increased gradually as the ferrule thickness strengthened. For
example, when the bolt pretension force was f v = 20 kN, increasing the ferrule thickness
from 2 mm to 6 mm improved the bearing capacity of the reinforced joint by approximately
13%, indicating a relatively limited improvement. When the ferrule thickness increased
further from 6 mm to 8 mm, the bearing capacity remained essentially unchanged. The
primary reason was that the relatively low bolt pretension force led to an inconspicuous
reinforcement effect. For instance, the enhancement in bearing capacity at f v = 80 kN was
markedly greater than that at f v = 20 kN.

b = 60 mm, t1 = 6 mm, t2 = 6 mm 

Figure 12. The relationship between bearing capacity and ferrule thickness.

3.2.4. Effect of Welded Hollow Sphere Diameter

To investigate the effect of the welded hollow sphere diameter D on the reinforcement
performance of the joint, welded hollow spheres with diameters of 200 mm, 300 mm,
400 mm, and 500 mm were selected. The ratio of steel tube diameter to hollow sphere
diameter was kept constant at d/D = 3.33, and the steel tube thickness was set equal to
the wall thickness of the hollow sphere. The remaining design parameters are listed in
Table 5. A single-row bolted connection was adopted throughout, and the height-to-width
ratio of the T-rib was set to 0.33. The thicknesses of the T-rib flange, T-rib web, and ferrule
were taken to be identical to the wall thickness of the hollow sphere. Through systematic
FE analysis, the bearing capacity of the unreinforced and prefabricated reinforced hollow
spherical joints with different hollow sphere diameters was obtained. The results are
summarized in Table 5.

Figure 13 shows the load–displacement curves of unreinforced and reinforced hollow
spherical joints with different hollow sphere diameters. Before the peak load, the load–
displacement curves of unreinforced and prefabricated reinforced hollow spherical joints
were generally similar. After the peak load, the difference between the curves became
more pronounced as the hollow sphere diameter increased. For example, in the unrein-
forced welded hollow spherical joint labeled 500 × 16, the bearing capacity exhibited a
marked drop after the peak load because the hollow sphere rapidly indented under local
compressive stress. In contrast, in the reinforced joint labeled 500 × 16-R, the post-peak
descending branch of the load–displacement curve was not pronounced because the sup-
porting effect of the reinforcing components reduced the extent of local indentation of the

https://doi.org/10.3390/buildings16071364

https://doi.org/10.3390/buildings16071364


Buildings 2026, 16, 1364 16 of 21

hollow sphere. The load–displacement curves showed that prefabricated reinforcement
enhanced the bearing capacity of welded hollow spherical joints with varying diameters.
As the diameter-to-thickness ratio of the hollow sphere (D/ts) decreased, the increment in
bearing capacity of the prefabricated reinforced welded hollow spherical joint decreased.
The primary reason was that a smaller D/ts increased the buckling stiffness of the hollow
sphere under external pressure and enhanced its resistance to out-of-plane loading. Under
compressive loading, the reinforcing components primarily improved the overall bearing
capacity by providing out-of-plane support to the hollow sphere. When the hollow sphere
stiffness was relatively high, the effectiveness of this support was further reduced.

Table 5. Bearing capacities of reinforced and unreinforced joints with different hollow sphere diameters.

Designation of the
Welded Hollow
Spherical Joint

b/mm h/b t1/mm t2/mm Fv/kN D/ts Nu/kN
Increase in the
Load-Bearing
Capacity/%

200 × 6 0 0 0 0 0 33.33 212.14
30.84200 × 6-R 60 1/3 6 6 60 33.33 277.56

300 × 8 0 0 0 0 0 37.50 408.89
23.19300 × 8-R 90 1/3 8 8 80 37.50 503.70

400 × 12 0 0 0 0 0 33.33 851.32
23.04400 × 12-R 120 1/3 12 12 120 33.33 1047.43

500 × 16 0 0 0 0 0 31.25 1431.73
19.74500 × 16-R 150 1/3 16 16 160 31.25 1714.35

Note: Nu denotes the compressive load-bearing capacity of the reinforced welded hollow sphere; specimens
marked with “R” represent the welded hollow spherical joint with prefabricated reinforcement, whereas those
without “R” represent the unreinforced welded hollow spherical joint.
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Figure 13. Load–displacement curve of reinforced and unreinforced joints with different hollow
sphere diameters.

4. Predictive Model for the Compressive Load-Bearing Capacity of the
Prefabricated Reinforced Hollow Spherical Joint

In the Chinese code JGJ 7-2010 Technical Specification for Space Grid Structures [28],
the calculation method for the compressive bearing capacity of joints with hollow-sphere
outside diameters ranging from 120 mm to 900 mm was provided, as expressed in
Equation (1):

N0= (0.29 + 0.54
d
D
)η0πtsdf (1)

where η0 was the capacity modification factor for large-diameter hollow-sphere joints:
when the hollow-sphere diameter D ≤ 500 mm, η0= 1.0, and when the hollow-sphere
diameter D > 500 mm, η0= 0.9; f denoted the design value of the tensile strength of steel,
and the measured (actual) tensile strength of steel was adopted in this study. Considering
the supporting effect of the reinforcing components on welded hollow-sphere joints under
compressive loading, Equation (1) was systematically modified to establish a predictive
model for the compressive bearing capacity of the prefabricated reinforced welded hollow

https://doi.org/10.3390/buildings16071364

https://doi.org/10.3390/buildings16071364


Buildings 2026, 16, 1364 17 of 21

spherical joint. The enhancement coefficient of compressive bearing capacity for the
prefabricated reinforced joint, the Rc was defined as:

Rc =
NR

N0
(2)

where N0 was the compressive bearing capacity of the unreinforced welded hollow spheri-
cal joint, and NR presented one of the prefabricated reinforced joints. Since the compressive
bearing capacity of the welded hollow spherical joint was influenced by multiple factors,
this section employed FE analysis to investigate the enhancement coefficient (Rc) under
variations in three parameters, namely, hollow-sphere wall thickness (ts), steel tube di-
ameter (d), and tube-to-sphere diameter ratio (d/D), while keeping the other parameters
unchanged, and the results are summarized in Table 6.

Table 6. Three factors affecting the compressive bearing capacity of spherical joints.

ts (mm) d (mm) d/D A Strengthening Factor of
the Load-Bearing Capacity

6 90 0.3 1.497
8 90 0.3 1.282
12 90 0.3 1.106
10 60 0.3 1.253
10 120 0.3 1.163
10 150 0.3 1.115
10 90 0.3 1.204
10 90 0.33 1.158
10 90 0.36 1.147
10 90 0.39 1.138

Using the least-squares method, multivariate linear regression analysis was conducted
on the enhancement coefficient of axial compressive bearing capacity for the prefabricated
reinforced welded hollow spherical joint. A calculation formula for the enhancement
coefficient Rc was then obtained, as expressed in Equation (3):

Rc = a·x + b (3)

where b was a constant, b = 2.24539; a presented a coefficient vector, a = (−0.06063, 0.00157,
−0.95549); x was the variable-parameter vector, x = (ts, d, d/D); and a · x denoted the dot
product of the two vectors.

Generally, the structural capacity of shells was typically scaled nonlinearly with
geometric parameters. However, the Rc was linear with parameter x (ts, d, d/D) from
Equation (3). The main reason was that the range of parameters involved in this study was
small, and the variation range of parameters was low. Therefore, there was a linear trend
between Rc and the above parameters, resulting in the scope of application of Equation (3)
was not universal. In the future, this study will strengthen the research on the theoretical
model of the bearing capacity of prefabricated reinforced hollow spherical joints, so as to
ensure that the design requirements of the bearing capacity of assembled reinforced hollow
spherical joints can be met in a wider range.

Figure 14 presents a comparison between the FE simulation results and the theoretical
values of the enhancement coefficient Rc for compressive bearing capacity. The results indi-
cated that the discrepancy between the simulated and theoretical values was within ±10%,
demonstrating that Equation (3) reasonably captured the variation in the enhancement
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coefficient Rc for the compressive bearing capacity of the prefabricated reinforced hollow
spherical joint with the key design parameters ts, d, and d/D.

1.1 1.2 1.3 1.4 1.5

1.1

1.2

1.3

1.4

1.5
The ratio of the Rc predicted by the 

          FE method to that predicted by Eq. (3)

-10%R c

FE results

+10%

Figure 14. Comparison of the strengthening factor predicted by FE analysis and theory.

The axial compressive bearing capacity of the prefabricated reinforced joint was ob-
tained by multiplying the bearing capacity of the unreinforced joint by the axial compressive
bearing capacity enhancement coefficient Rc, as expressed in Equation (4):

Nc = Rc·(0.29 + 0.54
d
D
)η0πtsdf (4)

Figure 15 compares and analyzes the bearing capacity of prefabricated reinforced
hollow spherical joints calculated by Equation (4) and the FE method. Figure 15 showed
that the coefficient (R2) of determination between the theoretical prediction value and the
FE calculation value was 0.945, indicating that there was a strong correlation between
them, which can provide a reference for the design of the compressive bearing capacity of
prefabricated reinforced hollow spherical joints.

Figure 15. Correlation analysis of compressive bearing capacity.
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However, it should be noted that Equation (4) applied to the compressive bearing
capacity assessment of the prefabricated reinforced hollow spherical joint under the fol-
lowing conditions: hollow-sphere diameter D ≤ 500 mm; hollow-sphere wall thickness
t = 6~12 mm; steel tube diameter d = 60~150 mm; diameter ratio d/D = 0.30~0.39; single-
row bolted connections; two groups of prefabricated T-ribs symmetrically arranged outside
the sphere, with a rib-plate width of D/3 and a height-to-width ratio of 0.33; and rib-plate
and ferrule thicknesses equal to the sphere wall thickness. The conditions collectively
define the scope of application of Equation (4). In practical engineering applications,
it is recommended to conduct supplementary verification when the parameters exceed
the range.

5. Conclusions
This study investigated the prefabricated reinforced welded hollow spherical joint

and developed a three-dimensional FE model that accounted for geometric nonlinearity,
material nonlinearity, and initial geometric imperfections. The model reliability was vali-
dated against experimental results. The effects of key parameters, including the T-rib web
width and thickness, ferrule thickness, and welded hollow sphere diameter, on the com-
pressive behavior of the prefabricated reinforced hollow spherical joint were investigated.
A predictive model for the compressive bearing capacity of the prefabricated reinforced
hollow spherical joint was proposed, incorporating the supporting effect of the reinforcing
components and the influences of welded hollow sphere diameter, steel tube diameter, and
tube-to-sphere diameter ratio. The main conclusions are summarized as follows:

(1) The three-dimensional solid FE model that accounted for geometric nonlinearity, ma-
terial nonlinearity, and initial geometric imperfections can effectively predict phenom-
ena such as local indentation of welded hollow spherical joints and rib-plate buckling
under compressive loading. The discrepancy between the FE predictions and the
experimental results for compressive bearing capacity was within 7%, indicating that
the model was suitable for parametric analyses of joint load-bearing performance.

(2) The strength and stiffness of the reinforcing components, together with the friction
between the ferrule and the steel tube, were the primary factors governing the mechan-
ical behavior of the prefabricated reinforced joint. Under compression, the reinforcing
components provided out-of-plane support to the hollow sphere, thereby enhancing
the compressive buckling resistance of the entire hollow spherical joint. The reinforc-
ing effect was primarily achieved through load transfer via the friction between the
ferrule and the steel tube, and the friction magnitude was mainly governed by the
bolt pretension force and the stiffness of the reinforcing components.

(3) When sufficient friction existed between the ferrule and the steel tube, increasing the
T-rib web width from 0 to 80 mm improved the bearing capacity of the prefabricated
reinforced hollow spherical joint by up to 33%. A larger T-rib web width enhanced
the strength and stiffness of the reinforcing components and increased the portion of
external load carried by these components, thereby reducing the compressive demand
on the hollow sphere and improving the overall load-bearing performance of the joint.

(4) When the T-rib height-to-width ratio h/b = 1.0, the T-rib can satisfy the joint reinforce-
ment demand based on its inherent strength and stiffness. Therefore, the ratio between
the T-rib flange height h and the web width b was recommended to be h/b = 1.0, and
the T-rib web thickness t1 should be no less than the wall thickness of the welded
hollow sphere.

(5) As the hollow-sphere diameter-to-thickness ratio D/ts decreased, the increment in
bearing capacity of the prefabricated reinforced welded hollow spherical joint declined.
A smaller D/ts increased the compressive buckling stiffness of the hollow sphere and
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enhanced its resistance to out-of-plane loading. Under compression, the reinforcement
component primarily enhanced the bearing capacity of the hollow sphere by providing
support. When the hollow sphere stiffness was relatively high, the effectiveness of
this support was further reduced.

(6) Based on the FE results for the prefabricated reinforced hollow spherical joint under
compression, a predictive model for its compressive bearing capacity was proposed,
incorporating the supporting effect of the reinforcing components and the influences
of welded hollow sphere diameter, steel tube diameter, and tube-to-sphere diameter
ratio. The theoretical predictions agreed with the FE results within ±10%, providing
an important reference for the compressive bearing capacity design of this type of
prefabricated reinforced hollow spherical joint.
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