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Abstract

The welded hollow spherical joint is the most common form of the spatial grid structure, but the corrosion treatment at the joint is 

difficult. There are many corrosion problems of the welded hollow spherical joint in the actual structure, which brings hidden problems 

to structural safety. To study the effects of uniform corrosion on the key mechanical properties of welded hollow spherical joints, the 

joint refinement FEM in one typical size is built considering the effect of uniform corrosion through the method of the element birth 

and death, and the tensile, compressive, and bending performance of the FEM has been analyzed. Based on the analysis results, the 

relation curves between the three bearing capacities of the welded hollow spherical joint and the uniform corrosion degree are given. 

The results show that the influence of early corrosion on the joint tensile and compressive performance is not obvious. After corrosion 

to a certain extent, the loss of tensile and compressive capacity has a significant linear relationship with the degree of corrosion, and the 

loss of bending capacity has a significant quadratic curve relationship with the degree of corrosion from the initial stage. This study can 

provide a theoretical reference for a better understanding of the mechanical properties of welded hollow spherical joints in one typical 

size after corrosion to evaluate structural safety.
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1 Introduction
Welded hollow spherical joints have become one of the 
widely used joint forms in the grid structure due to their 
simple connection method, reasonable force mechanism, 
and many other advantages [1]. Most space grid struc-
tures use anti-corrosion coatings to separate the metal 
surface from the environment, acting as a shield and pro-
tection. However, anti-corrosion treatment at the joints is 
more difficult, with an uneven thickness of the coating, 
leaving marks, brush patterns, and uneven color inten-
sity, all creating the environment and conditions for cor-
rosion. Corrosion, creep and other factors make the joint 
bearing capacity performance largely different from the 
design and will produce a significant capacity decline, 
especially in steel structures, which are prone to corrosion 
in a humid, corrosive environment with high air humid-
ity and chloride ion content [2]. This corrosion phenom-
enon hurts large-span space steel structures, particularly 
their joint parts, making the strength, plasticity, and other 
mechanical indicators of structural members and joints 

significantly reduced [3–5], thus causing a few engineer-
ing accidents. The welded spherical joint grid structure of 
a machine repair workshop in Shanxi Province, China, col-
lapsed, and the analysis of the cause of the accident found 
that the grid structure in the process of use, due to the lack 
of reasonable maintenance, the grid structure around the 
rods, joints and support at the obvious corrosion, resulted 
in a significant decrease in bearing capacity [6]. In a swim-
ming pool in Chusovoy, Russia, the joints of a roofing grid 
were affected by the corrosive effect due to being in humid 
air for a long time and eventually collapsed [7]. The corro-
sion effect caused huge economic losses to the steel struc-
ture and had a serious impact on the safety performance 
of the structure [8].

At present, research on the corrosion of steel grids is 
mostly focused on materials [9–11] and members [12–17]. 
Liu et al. [18] conducted an experimental study of hollow 
spherical joints, and the results showed that the corrosion 
morphology of the joints consisted mainly of uniform 
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corrosion with slight pitting corrosion. Zhao  et  al.  [19] 
provided a method for the reinforcement of grid structures 
connected by welded hollow spherical joints and proposed 
a numerical method considering the degradation of con-
nections to investigate the buckling capacity of a single- 
layer reticulated shell [20]. Some studies have also dis-
cussed the effect of size on the bearing capacity of welded 
hollow spherical joints [21–22].

The mechanical properties of building steel joints 
after corrosion are less researched and space steel struc-
tures using welded hollow spherical joint corrosion after 
the mechanical properties of research are even rarer. 
Guo  et  al.  [23]proposed and investigated the method of 
strengthening welded hollow spherical joints. Stochastic 
analyses have been conducted by researchers to investi-
gate the influence of the tension force on the probabilis-
tic distribution of the bending capacity of welded hollow 
spherical joints [24]. As the part of the members to con-
nect and contact, the joint is the most difficult corrosion 
treatment; thus, corrosion is most likely to occur (as in 
Figs. 1 and 2). Therefore, the study of the post-corrosion 
mechanical properties of welded hollow spherical joints 
becomes particularly important.

Firstly, this paper established the FEM of a welded hol-
low spherical joint in one typical size with groove welds 
and a steel tube. Then, considering different uniform cor-
rosion ratios of the welded hollow spherical joint, the sim-
ulations of three typical stresses on the welded hollow 
spherical joint in tension, compression, and bending were 
done. This paper gives a reference for the study of other 
sizes of welded hollow spherical joints and also provides 
a  theoretical reference for understanding the post-corro-
sion mechanical properties and assessing structural safety.

2 Finite element model and analysis scheme
2.1 Refined finite element model
The welded hollow spherical joint finite element model is 
established with the ANSYS platform, using eight-joint 
SOLID185 units to simulate each component. The mate-
rial of the sphere shell, steel tube, and drivepipe is Q235 
steel, which is commonly used in building structures. 
The material properties of the groove weld are the same 
as those of the steel tube, and the strength is equal to that 
of the parent metal.

To obtain more accurate material information, the mate-
rial properties of Q235 steel were tested by removing rect-
angular standard test materials 200 mm and 15 mm wide 
from the Q235 steel tube, as shown in Fig. 3.

The uniaxial tensile test was carried out by the relevant 
standards. The final yield strength was 281 MPa, and the 
ultimate strength was 378 MPa. The stress-strain curve 
obtained from the test is shown in Fig. 4. In this paper, the 
finite element simulation model is the multilinear kine-
matic hardening model. According to its stress-strain curve, 
the modulus of elasticity is taken as 2.06 × 105 N/mm2, and 
Poisson's ratio is taken as 0.3.

Fig. 1 Corrosion of a welded hollow spherical joint

Fig. 2 Corrosion in the joints in steel structures Fig. 3 Standard test material of material properties test
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The existing analysis models of welded hollow spherical 
joints usually do not consider the weld and steel tube, which 
means they cannot simulate the influence of these two parts 
on the overall stiffness of the joints. To make the simulation 
results more accurate and in line with the actual situation, 
this paper selects one typical welded hollow spherical joint 
size according to the JGJ7-2010 Technical Specification for 
Space Frame Structures [25] (Fig. 5) to refine the joint con-
nection part, as shown in Fig. 6. The final refined model of 
welded hollow spherical joints is shown in Fig. 7 and the 
size of FEM is shown in Table 1.

2.2 Corrosion simulation method
Existing relevant studies show that the load capacity is 
reduced when corrosion occurs at the surface of the welded 
hollow spherical joint [26] and it is in the most unfavorable 
state when the entire surface is corroded [27]. This study 
simulated the uniform corrosion occurring at the whole 
sphere shell surface.

Considering the corroded part cannot bear the loads, 
the element birth and death technique is used to deal with 
the FEM elements of the corroded part of the sphere shell, 
which means deactivating corrosion elements by mul-
tiplying their stiffness by a severe reduction factor [28]. 
The  element birth and death technique makes the FEM 
obtain uniform corrosion of specified thickness (Fig. 8) 
and does not affect the mesh quality of the elements, which 
means good convergence.

2.3 Load simulation method
The simulated joints are loaded by displacement (as in 
Fig.  9) control in tension, compression, and bending, 
in  which the joints are loaded in tension with 0.05 mm 
per step to apply upward displacement along the vertical 
direction at the top section joint of the model; the joints 

Fig. 4 The stress-strain curve obtained from the material properties test

(b)
Fig. 5 The connection requirement given by [25]: (a) Sphere shell, 

Drivepipe, and Steel tube, (b) Groove weld

(a)

Fig. 6 The sectional drawing of refined FEM

Fig. 7 Refined FEM based on [26]

Table 1 The size of the welded hollow spherical joint

D0/mm D1/mm L0/mm L1/mm T0/mm T1/mm T2/mm T3/mm

80 200 100 30 12 10 3 2
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are loaded in compression with 0.05 mm per step to apply 
downward displacement along the vertical direction at 
the top section joint of the model; the joints are loaded in 
bending with 0.1 mm per step to apply displacement along 
the vertical direction at the top section joint of the model 
along the lateral direction.

2.4 Analysis scheme
The analysis scheme is shown in Table 2, and uniform cor-
rosion occurs at the whole sphere shell surface. 

For the convenience of expression, each corrosion FEM 
by the L-R method is named, where L is the method of loads 
and R is the uniform corrosion sphere shell thickness as 
a  ratio of the original sphere shell thickness. For example, 
the T-0.3 is the FEM that is tensioned and has a thickness that 
after corrosion is 8.4 mm of sphere shell. To give the influ-
ence law of uniform corrosion depth on the mechanical prop-
erties of welded hollow spherical joints, the ratio of uniform 
corrosion thickness is the independent variable control index.

3 Analysis of tensile properties
The axial force is the most common form of force in space 
structures. The tensile performance of the joint after uni-
form corrosion is first analyzed.

3.1 Analysis of failure mode
The limit state stress cloud diagram of the joint FEM in 
tension after corrosion is shown in Fig. 10. As the corro-
sion depth increases, the joint has two successive tensile 

Fig. 8 Uniform corrosion based on the element birth and death 
technique

Fig. 9 The method of FEM to simulate tension, compression, and bending

Table 2 The analysis scheme

Method of loads The ratio of corrosion depth

T (tension) 0,0.1,0.2,0.3,0.4,0.5

C (compression) 0,0.1,0.2,0.3,0.4,0.5

B (bending) 0,0.1,0.2,0.3,0.4,0.5

Fig. 10 The limit states stress cloud diagram of the joint under tension after corrosion: (a) T-0, (b) T-0.1, (c) T-0.2, (d) T-0.3, (e) T-0.4, (f) T-0.5

(a) (b) (c)

(d) (e) (f)
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failure modes: corrosion depth below 0.2 of the original 
thickness of the sphere shell, the steel tube components 
are the first to reach the ultimate tensile strength and fail-
ure, with the corrosion depth increases, the sphere shell 
has no obvious deformation and stress gradually rise; cor-
rosion depth of more than 0.2 of the original thickness of 
sphere shell, the sphere shell plastic deformation becomes 
obvious, the yield area gradually increased, the weld and 
sphere shell connection parts to reach the ultimate tensile 
strength and make the joint failure. Table 3 shows the dif-
ferent corrosion depths of the sphere shell and the corre-
sponding tensile capacity of the joint.

3.2 Load-displacement curve
Fig. 11 gives the load-displacement curve of joints after 
corrosion under tension with different corrosion depths of 
the sphere shell, it can be seen that corresponding to its 
failure mode, with different sphere shell corrosion depths, 
welded hollow spherical joints under tension load-dis-
placement curve in two forms: the first form of corrosion 
depth of less than 0.2 of the original thickness of sphere 
shell, the joint initial stiffness and ultimate tensile capac-
ity unchanged; the second form of corrosion depth of more 
than 0.2 of the original thickness of sphere shell, the joint 
initial stiffness, and ultimate tensile capacity gradually 
decreases with the corrosion depth of sphere shell increase.

3.3 Tensile capacity degradation analysis
To better obtain the influence of the corrosion depth on the 
joint tensile capacity, linear fitting is performed to pro-
cess the tensile capacity and corrosion depth of the data. 
The calculation method of related parameters is as follows:

x d dc= /
0

,	 (1)

y f ft T d Tc
=

,
/ .	 (2)

The equation of linear fitting results is:

y x
y x x
t

t

� �
� � � �

�
�
�

1 0020518 0 1743

1 26034 1 2217297 0 1743

. , .

. . , .
,	 (3)

where dc is the thickness of the sphere shell after corrosion. 
d0 is the thickness of the original sphere. fT,dc

 is the tensile 
capacity of the joint when the thickness of the sphere shell 
is dc. fT is the tensile capacity of the joint when the thick-
ness of the sphere shell is d0.

According to Eq. (3), the failure mode will alter when 
x ≥ 0.1743. Fig. 12 shows the linear fitting results, and the 
vertical red line in Fig. 12 indicates the failure mode con-
version dividing line.

From the linear fitting results, the analysis shows that 
the x is 0.1743 below, the joint tensile capacity is deter-
mined by the steel tube and remains unchanged, so the 
curve remains fairly flat, and the limit state performance 
is steel tube failure. When the x reaches 0.1743 above, 
the joint tensile capacity begins to reduce, and its reduced 

Table 3 Tensile capacities of different FEMs

Uniform corrosion depth ratio of 
sphere shell Ultimate tensile capacity/kN

0 358.22

0.1 359.69

0.2 351.46

0.3 298.5

0.4 252.14

0.5 215.86

Fig. 11 The load‒displacement curve of joints after corrosion under 
tension with different corrosion depths of the sphere shell

Fig. 12 The linear fitting results of FEM under tension
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level has an obvious linear relationship with the sphere 
shell corrosion depth. The corrosion depth of each 10% 
increases, the joint tensile capacity decreases by approxi-
mately 12.6% on average, and the limit state performance 
is sphere shell failure.

4 Compressive performance analysis
In addition to examining the effect of corrosion on the 
tensile properties of the joints, the effect of uniform cor-
rosion on the compressive properties of the joint is also 
simulated.

4.1 Failure mode analysis
The limit state stress cloud diagrams of the joint FEM in 
compression after corrosion are shown in Fig. 13. Analysis 
shows that as the corrosion depth increases, the joint has 
two successive compression failure modes: corrosion depth 
below 0.2 of the original thickness of the sphere shell, the 
steel tube components are the first to reach the ultimate 
compressive strength and failure, with the corrosion depth 
increasing, the sphere shell has no obvious deformation 
and stress gradually rising; corrosion depth of more than 
0.2 of the original thickness of the sphere shell, the sphere 
shell plastic deformation is obvious, the yield area grad-
ually increases, and its weld and sphere shell connection 

parts reach the ultimate compressive strength and make 
the joint compression buckling failure. Table 4 shows the 
different corrosion depths of spherical shells and the corre-
sponding compressive capacity of the joint.

Compared to failure modes under tension and compres-
sion when the ratio of corrosion depth is more than 0.2, 
the sphere shell buckles near the connection between the 
sphere shell and tube when the load is compression so the 
failure mode is referred to as instability failure (Fig. 14(a)). 
While under tension the sphere shell plastic deformation 
becomes obvious (Fig.14(b)), which means the failure 
mode is referred to as plastic failure. Although when the 
corrosion depth ratio is less than 0.2 the failure modes are 
both the steel tube plastic deformation, the deformation of 
the two loading cases is not the same as well (Fig. 15). 

Fig. 13 The limit states stress cloud diagram of the joint under compression after corrosion: (a) C-0, (b) C-0.1, (c) C-0.2, (d) C-0.3, (e) C-0.4, (f) C-0.5

(a) (b) (c)

(d) (e) (f)

Table 4 The compressive capacities of different FEMs

Uniform corrosion depth ratio of 
sphere shell

Ultimate compressive 
capacity/kN

0 358.66

0.1 359.66

0.2 351.48

0.3 298.74

0.4 253.38

0.5 216.42
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4.2 Load-displacement curve
Fig. 16 gives the load-displacement curve of the joint after 
corrosion under pressure. It can be seen that corresponding 
to its failure mode, with different corrosion depths, welded 
hollow spherical joints under compression load-displace-
ment curve in two forms: the first form of corrosion depth 
of less than 0.2 of the original thickness of sphere shell, the 
joint initial stiffness and ultimate load capacity unchanged; 

the second form of corrosion depth of more than 0.2 of the 
original thickness of sphere shell, the joint initial stiffness, 
and ultimate compressive capacity gradually decrease 
with the corrosion depth of sphere shell increase.

4.3 Compressive capacity degradation analysis
To better obtain the influence of corrosion depth on the 
joint compressive capacity, linear fitting is taken to pro-
cess the tensile capacity and corrosion depth of the data. 
The calculation method of related parameters is as follows:

y f fc C d Cc
=

,
/ .	 (4)

The equation of linear fitting results is:

y x
y x x
c

c

� � �
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�
�
�

1 0013941 0 1743

1 2618 1 2203591 0 1743

. , .

. . , .

,	 (5)

where fC,dc
 is the compressive capacity of the joint when 

the thickness of the sphere shell is dc. fC is the compres-
sive capacity of the joint when the thickness of the sphere 
shell is d0.

According to Eq. (5), the failure mode will alter when 
x ≥ 0.1743. Fig. 17 shows the linear fitting results, and the 
vertical black line in Fig. 17 indicates the failure mode 
conversion dividing line.

Fig. 14 The ultimate stress cloud diagrams when the corrosion depth ratio is 0.5: (a) under compression, (b) under tension
(a) (b)

Fig. 15 The ultimate stress cloud diagrams when the corrosion depth ratio is 0.1: (a) under compression, (b) under tension
(a) (b)

Fig. 16 The load-displacement curve of joints after corrosion under 
compression with different corrosion depths of the sphere shell
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From the linear fitting results, the analysis shows that 
when the x is 0.1743 below, the joint compressive capacity 
is determined by the steel tube and remains unchanged, 
so the curve remains flat, and the limit state performance 
is steel tube failure. When the x reaches 0.1743 above, 
the joint compressive capacity begins to reduce, and its 
reduced level has an obvious linear relationship with the 
sphere shell corrosion depth. The corrosion depth of each 
10% increases, the joint compressive capacity decreases 
by approximately 12.56% on average, and the limit state 
performance is sphere shell compression buckling failure.

5 Bending performance analysis
Welded hollow spherical joints are often used in single- 
layer reticulated shell structures, which means that the 
bending performance of the joints is also particularly 
important, so this performance after uniform corrosion is 
simulated.

5.1 Analysis of failure mode
The limit state stress cloud diagrams of the joint FEM in 
bending after corrosion are shown in Fig. 18. The anal-
ysis shows that when the joint transerves bending, the 
steel tube reaches the ultimate bending strength and fail-
ure. As the corrosion depth increases, the steel tube stress 
decreases significantly. At the same time, part of the area 
of the sphere shell that is perpendicular to the direction 
of bending has 0 stress; as the corrosion depth increases, 
the  0 stress area gradually decreases, and the overall 
increase in sphere shell stress. In the weld near the sphere 
shell, the yield area gradually increases, and the bearing 
capacity of the joint reduces.

It can be seen that corrosion on the joint bending 
capacity of the impact is not like tensile and compressive 
capacity exists more obvious boundary, but with the cor-
rosion, depth increases, the connection yield area gradu-
ally increased, so that the joint bearing capacity and then 
decreased. The sphere shell near the weld part reaches 

Fig. 17 The linear fitting results of FEM under compression

Fig. 18 The limit states stress cloud diagram of the joint under bending after corrosion: (a) B-0, (b) B-0.1, (c) B-0.2, (d) B-0.3, (e) B-0.4, (f) B-0.5

(a) (b) (c)

(d) (e) (f)
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the ultimate bending capacity and failure. Table 5 shows 
the joint sphere shell parts of different uniform corrosion 
depths and the corresponding bending capacity.

5.2 Load-displacement curve
Fig. 19 gives the load-displacement curve when the joint 
after corrosion is under pressure. As the corrosion depth 
increases, the initial stiffness of the joint does not change 
much, the ultimate bending capacity gradually decreases 
in correspondence with the failure mode, and the ultimate 
bending capacity decreases faster when the corrosion 
depth is greater than 0.3 of the original thickness of the 
sphere shell and decreases by approximately 20% when 
the corrosion depth reaches 0.5 of the original thickness 
of the sphere shell.

5.3 Bending capacity degradation analysis
To better obtain the influence of corrosion depth on the 
joint bending capacity, the use of a secondary curve fitting 
way to the bearing capacity and corrosion depth of data 
processing. The calculation method of related parameters 
is as follows:

y M Mb dc= /
0 .	 (6)

The equation of secondary curve fitting is:

y x xb � � � �0 00716 0 03276 0 9958386
2

. . . ,	 (7)

where Mdc
 is the bending capacity of the joint when the 

thickness of the sphere shell is dc. MC is the bending capac-
ity of the joint when the thickness of the sphere shell is d0.

Fig. 20 shows the secondary curve fitting results. 
Analysis shows that at each corrosion depth, the joint bend-
ing bearing capacity after corrosion is always lower than the 
capacity without corrosion, and the limit state is performed 
as a joint bending failure. The bending capacity reduction 
level and corrosion depth have an obvious quadratic curve 
relationship: as the depth of corrosion increases, the joint 
bearing capacity decline rate gradually accelerates.

6 Conclusions
This paper establishes a refined finite element model of 
one commonly used size welded hollow spherical joint 
based on the specification [25], which can consider the 
effects of uniform corrosion, and analyzes its typical 
stress state. It is worth noticing, the compressive and ten-
sile capacities in results are close to each other. In fact, the 
compressive capacity can be affected by the size param-
eters of welded hollow spherical joints such as the thick-
ness  [21] and diameter [22] of the hollow spheres. More 
different sizes of welded hollow spherical joints are worth 
to be studied. The following conclusions are drawn based 
on the study of this paper.

(1) The joint under tension has two modes of failure: 
the first mode is when the corrosion depth is lower than 
17.43%, the steel tube is the first to reach the ultimate ten-
sion capacity and failure, and the joint's initial stiffness 
and ultimate tension capacity are unchanged; the second 

Table 5 The bending capacities of different FEMs

Uniform corrosion depth ratio of 
sphere shell

Ultimate bending capacity/
(kN·m)

0 1.6521

0.1 1.6168

0.2 1.5824

0.3 1.535

0.4 1.4339

0.5 1.3195

Fig. 19 The load‒displacement curve of joints after corrosion under 
bending with different corrosion depths of the sphere shell

Fig. 20 The secondary curve fitting of FEM under bending
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mode is the corrosion depth of more than 17.43%, the joint 
weld and spherical shell connection part to reach the ulti-
mate tensile capacity and plastic deformation occurs to 
make the joint failure, so the failure mode is referred to as 
plastic failure. Its initial stiffness with the corrosion depth 
increases gradually reduce. In this situation, the ultimate 
tensile capacity reduction level and corrosion depth have 
an obvious linear relationship.

(2) The joint under compression has two failure modes: 
the first mode is when the corrosion depth is lower than 
17.43%, the steel tube is the first to reach the ultimate com-
pression capacity and failure, and the joint's initial stiff-
ness and ultimate compression capacity are unchanged; the 
second mode is the corrosion depth of more than 17.43%, 
the joint weld and sphere shell connection part to reach 
the ultimate compressive strength and the failure mode is 
the sphere shell buckles near the connection between the 
sphere shell and tube, so the failure mode is referred to as 
instability failure. Its initial stiffness with corrosion depth 

increases gradually decreases. In this situation, the ulti-
mate compression capacity reduction level and corrosion 
depth also have an obvious linear relationship.

(3) The joint under the bending action at each corrosion 
depth has a sphere shell close to the weld part to reach 
the ultimate bending capacity and undergo joint bending 
failure. The joint initial stiffness change is small, and the 
ultimate bending capacity and corrosion depth have a qua-
dratic curve relationship. Unlike the other two capacities, 
the bending capacity of the joint will decrease immedi-
ately when uniform corrosion occurs.
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