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Abstract: In order to study the mechanical behavior of corroded bolt-sphere joints and predict the
bearing capacity of the joints in a corrosive environment, bolt-sphere-connection and bolt-sphere-joint
specimens with differing degrees of corrosion were obtained by accelerated corrosion. The tensile
properties of the corroded bolt-sphere connections and the bolt-sphere joints with members were
tested, respectively, and the effects of different degrees of corrosion on the tensile properties of
bolted spherical joints were studied. Finally, a numerical simulation of the corroded bolt-sphere
connections and bolt-sphere joints with members was carried out, and the main factors affecting the
tensile performance of the corroded bolt-sphere joints was clarified; the degradation law of the tensile
properties of the bolted sphere joints with service time was established.
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1. Introduction

Bolt-sphere joints are one of the most widely used spatial joints at present, with the
advantages of convenient construction and reasonable mechanical properties. Corrosion is
inevitable for bolt-sphere joints exposed to corrosive environments, such as industry and
the marine atmosphere. In practical engineering applications, despite protective measures
(e.g., paint) being taken, serious corrosion problems may still occur, as is shown in Figure 1.
Corrosion may reduce the mechanical properties of bolt-sphere joints, which has a negative
impact on the safety and durability of space structures. Therefore, it is necessary to study the
residual performance of the corroded bolt-sphere joints and the evaluation method for this,
which can provide a basis for the evaluation, repair, and reinforcement of space structures.

Extensive research into bolt-sphere joints has been carried out internationally [1-4].
Ahmadizadeh et al. [5] investigated the effects of socket joint deformability on the behavior
of space grid structures. Fan et al. [6] obtained the compressive and tensile calculation
criteria of bolt-sphere joints and verified that the bolt-sphere joint has certain rotational
stiffness and is a semirigid joint. In the Technical Specification for Space Grid Structures
(JGJ 7-2010) [7], the tensile and compressive properties of bolted sphere joints are also
systematically described. Wu et al. [8] studied the effect of an insufficient screwing depth
of the bolt on the mechanical behavior of the bolt-ball joint and the stability of the single-
layer reticulated shell. Liu et al. [9] predicted the bearing performance degradation of
pitted bolt-sphere joints by FE modeling with the incorporation of stochastic corrosion
pits. Liu et al. [10] investigated the effects of material type, high temperatures, and cooling
modes on the tensile properties of postfire bolt-sphere joints by conducting tensile tests
on 15 steel bolt-sphere joints and 15 aluminum bolt-sphere joints. Xing et al. [11] studied
the mechanical properties of 40Cr and 35CrMn high-strength bolts of 10.9s grade, which
are commonly used in grid structures after fires by controlling the fire temperature and
the cooling mode. Huang et al. [12] investigated the tensile properties of four sets of
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36 bolt-sphere joints, consisting of M20, M24, M30, and M36 high-strength bolts under fire.
Lei et al. [13] carried out constant amplitude fatigue tests on M20 high-strength bolts in a
grid structure with bolt-sphere joints and proposed a calculation method for the constant
amplitude fatigue of high-strength bolts. Yan et al. [14] performed a study on detecting bolt-
sphere joints’” looseness in steel grid structures and established the relationship between
ultrasonic energy attenuation and the level of bolt loosening. Piroglu et al. [15] presented
investigations on a Mero double-layer grid steel space truss roof (of an industrial plant)
which partially collapsed after exceptional snowfall.

(a) (b) (c)

Figure 1. Corrosion cases for bolt-sphere joints: (a) Case 1; (b) Case 2; (c) Case 3.

Overall, fundamental research into the tensile mechanical properties of corroded
bolt-sphere joints is still lacking. In this paper, bolt-sphere connections and bolt-sphere
joints with different degrees of corrosion were examined. Firstly, different degrees of
bolt-sphere connection and bolt-sphere joint corrosion were obtained by cyclic wet-dry
immersions. Then, tensile tests on the corroded bolt-sphere connections and bolted sphere
joints were carried out, respectively, and the influence of corrosion on the tensile properties
was analyzed. Finally, a numerical simulation of the corroded bolt-sphere connections and
bolt-sphere joints was carried out, and the main factors affecting the tensile performance
were clarified.

2. Experimental Program
2.1. Specimen Design

In order to study the tensile properties of the bolt-sphere connection and bolted sphere
joint members under different degrees of corrosion, four bolted sphere connections and
four bolted spherical joints (with members) were designed according to the Technical
Specification for Space Grid Structures (JCJ7-2010) [7] and the Code for Design of Steel
Structures (GB 50017-2003) [16]. The bolt-sphere connection consists of two 10.9 grade M20
high-strength bolts and one bolt-sphere with a diameter of 100 mm. The basic parameters
of the specimen are shown in Figure 2 and Table 1. The bolt-sphere joint is composed
of two ®88.5 x 4.5 round steel tubes, four 10.9 grade M27 high-strength bolts, and one
bolt-sphere joint, where the diameter of the bolt sphere is 100 mm. The basic parameters of
the specimen are shown in Figure 3 and Table 2.

Table 1. Dimensions of bolt-sphere connections.

Parameters dq dy ds dy ds dg
Value/mm 50 30 20 25 40 12.5

Table 2. Dimensions of bolt-sphere joints with members.

Parameters dl dz d3 d4 d5 d6 d7 ds d9
Value/mm 50 30 27 35 55 17 20 88.5 435
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(b)
Figure 2. Bolt-sphere connections: (a) schematic of component dimensions; (b) typical bolt-sphere connections.
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Figure 3. Bolt-sphere joints with members: (a) schematic of the component dimensions; (b) typical

bolt-sphere joints.

The high-strength bolts are made of 40Cr; the bolt-sphere material is 45 steel, and the
material of the specific member is Q355. The chemical composition of these three types of
steel is shown in Table 3. The depth of the bolt screwed into the sphere in the specimen is
1.1 times the diameter of the bolt to ensure that the shear bearing capacity of the thread
connected by the high-strength bolt is greater than the tensile bearing capacity of the rod.
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Since this paper focuses on the tensile properties of the joints, the effect of the sleeve is
not considered.

Table 3. Chemical composition of the parts (wt%).

Parts Material C Si Mp P S Cr Ni Cu Al
Bolt 40Cr 0.38~0.44 0.20~0.24 0.64~0.68 0.013~0.024 <0.008 0.94~0.98
Bolt-Sphere 45 Steel 0.42~05 0.17~0.37 0.5~0.8 <0.04 <0.04 <0.25 <0.3 <0.25
Member Q355 0.16 0.35 1.34 0.009 0.002 0.3 0.3 0.3 0.01~0.05

2.2. Accelerated Corrosion

One of the bolt-sphere connections or bolt-sphere joints (with members) was used as
the basic specimen, and the other three specimens were put into the ZY-TL-C1 accelerated
corrosion device, which is composed of a solution tank, a drying room with adjustable
temperature and humidity, and a lifting frame where the specimens are placed, as shown
in Figure 4a. The specimens were immersed in the corrosion solution after the lifting frame
lowered; when the lifting frame was elevated, the specimen emerged from the solution
and entered the preset drying environment, as shown in Figure 4b. When considering the
corrosion behavior of steel in a polluted marine atmosphere, the mass fraction of NaCl in
the solution was set to 3.5% according to the standard GB/T 19746-2005 [17]. The period
of one cycle of accelerated corrosion was set to be 60 min in total, including 15 min of
immersion and 45 min of drying. The solution temperature in the corrosion device was
maintained at (20 & 2) °C, while the air temperature in the drying environment was set to
(45 £2)°C.

Solution tank Hydrauli
device

(b) (c)

Figure 4. Accelerated corrosion tests: (a) schematic diagram of ZY-TL-C1 corrosion device; (b) accel-
erated corrosion device; (c) the joints placed on the lifting frame.
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It is worth noting that this paper is different from previous related studies [18]. In
previous studies, the bolt-sphere and the bolts were rusted separately, and then the two
were assembled for testing; in this paper, the high-strength bolt and the member were
installed on the bolt-sphere first, and then put into the corrosion environment as a whole
specimen for accelerated corrosion, as shown in Figure 4c. The method of accelerated
corrosion after installation can better reflect the influence of real atmospheric corrosion.

2.3. Loading of the Specimens
2.3.1. Bolt-Sphere Connections

The loading device on the bolt-sphere connections was a 100t WAW-1000 testing
machine. Firstly, the high-strength bolt was screwed into the steel ball, and then the
specimen was fixed onto the testing machine by a matched fixture to ensure that the center
of the specimen was aligned with the center of the testing machine. During the experiment,
the loading speed was 2 mm/min until the bolt-sphere connection was damaged or the
bearing capacity was reduced to less than 50% of the ultimate bearing capacity, and the
ultimate bearing capacities and load-displacement curves of the bolt-sphere connections
under different degrees of corrosion were recorded.

2.3.2. Bolt-Sphere Joints with Members

The tensile tests on the bolt-sphere joints with members were carried out in a 1000t
SDSJ-1000 horizontal tensile machine. Firstly, the high-strength bolt was screwed into
the steel ball, and then another high-strength bolt in the rod was screwed into the fixture
matched with the high-strength bolt. To ensure the testing result, the depth of the bolt
screwed into the ball in the test piece was greater than 1.1 times the diameter of the bolt.
Finally, the chuck was fixed with the testing machine to complete the installation of the
test piece.

3. Test Phenomenon and Results
3.1. Corroded Specimens
3.1.1. Corroded Bolt-Sphere Connections

The corroded bolt-sphere connections are shown in Figure 5. It can be seen that the bolt-
sphere connections (after corrosion) were covered by yellow-brown corrosion products. The
outer surface of the high-strength bolt with accelerated corrosion for 15 days and 30 days
was slightly corroded. The corrosion products of the high-strength bolt with accelerated
corrosion for 45 days were connected to the corrosion products of the bolt-sphere, and the
whole surface of the specimen was covered by the corrosion products.

without | 15 days | 30 days 45days
' corrosion | corrosion corrosion corrosion =

Figure 5. Corroded bolt-sphere connections.
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A mechanical grinding method was adopted to remove the rust on the specimens;
that is, using an electric angle grinder with a wire brush to grind the specimen to remove
the rust products on its surface. The mass loss of the specimens was recorded as w and
calculated using Equation (1). A precise electronic balance with an accuracy of 0.01 kg was
employed to measure and record the initial weight of the specimen and the weight of the
specimen after accelerated corrosion [19-21].

Am
w = — x100% (1)
my
where m is the initial mass, 11, is the mass of the specimen after rust removal, and Am =my — my
is the change in mass of the specimen after accelerated corrosion. The measured values of
the mass losses for the four specimen groups are listed in Table 4.

Table 4. Results of the accelerated corrosion of the bolt-sphere connections.

Specimens Time/Days Initial Mass/kg After Corrosion/kg Mass Loss/kg wl%
C-0 4.02 4.02 0 0
C-1 4.03 3.92 0.11 2.73
C-2 4.02 3.88 0.14 3.48
C-3 4.05 3.87 0.18 4.44
3.1.2. Corroded Bolt-Sphere Joints with Members
In the same way, the rust of the bolt-sphere joints with members was removed by
mechanical grinding, as shown in Figure 6. In the process of rust removal, it was found
that, with an increase in the degree of corrosion, the corrosion products become denser, the
surface of the members becomes rougher, and the depth of the corrosion increases.
Figure 6. Corroded bolt-sphere joints with members.
The derusted bolt-sphere joints with members were weighed and subjected to weight
loss analysis, and the specific results are shown in Table 5.
Table 5. Results of accelerated corrosion of the bolt-sphere joints with members.
Specimens Time/Days Initial Mass/kg After Corrosion/kg Mass Loss/kg wl%
J-0 15.35 15.35 0 0
J-1 15.41 14.95 0.46 2.98
J-2 15.44 14.89 0.55 3.56
J-3 15.36 14.50 0.86 5.62
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3.2. Failure Modes
3.2.1. Corroded Bolt-Sphere Connections

For a bolt-sphere connection, no matter whether it is rusted or not, the deformation
of the bolt-sphere is small. The fracture of the bolt occurred at the interface between the
bolt-sphere and the screw, which is the junction between the smooth section of the bolt
rod and the threaded section. The fracture started from the arc chamfer of the thread
groove, and there was no obvious deformation of the bolt-sphere, as shown in Figure 7.
The fractures of individual specimens are shown in Figure 8. It can be seen that the modes
of failure of the bolt-sphere connections with different degrees of corrosion are consistent
with those of the uncorroded specimens; all specimens fractured at the high-strength bolts,
and no obvious deformation occurred on the bolt-sphere; that is, corrosion has little effect
on the tensile failure modes of bolt-sphere connections.

() (d)
Figure 8. Fractures of individual specimens: (a) C-0; (b) C-1; (c) C-2; (d) C-3.
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3.2.2. Corroded Bolt-Sphere Joints with Members

For the bolt-sphere joints with members, all the specimens had fractured at the high-
strength bolts. The failures of the uncorroded specimen and the specimen subjected to
accelerated corrosion for 30 days occurred where the high-strength bolt is connected to
the chuck, while the failures of the specimen subjected to accelerated corrosion for 15 days
and the specimen subjected to accelerating corrosion for 45 days occurred where the
high-strength bolt is connected to the bolt-sphere, as shown in Figure 9.

Figure 9. Fractures of individual specimens: (a) J-0; (b) J-1; (c) J-2; (d) J-3.

It can be seen from Figure 9 that the corroded bolt-sphere joints with members still
had good bearing capacities, and the fractures of the specimens under different degrees
of corrosion occurred at the connection between the high-strength bolts, indicating that
the bearing capacity of the corroded members is greater than those of the corroded high-
strength bolts, and the rusted members still have high safety reserves.

3.3. Load-Displacement Curves
3.3.1. Corroded Bolt-Sphere Connections

Figure 10 shows the comparison between the load-displacement curves of the corroded
bolt-sphere connections. The yield load (Fy), yield displacement (dy), ultimate load (Fy),
and ultimate displacement (dy,) of the bolt-sphere connections under different degrees of
corrosion were calculated with the equivalent elastoplastic energy method, as shown in
Table 6 [22].

Table 6. Results of the tensile properties of the corroded bolt-sphere connections.

Specimens wl% Fy/kN dy/mm Fy/kN dy/mm
C-0 0 225.89 0.87 273.24 7.26
C-1 2.73 224.01 0.86 272.09 7.84
C-2 3.48 219.07 0.84 267.53 7.65

C-3 4.44 216.49 0.82 264.73 7.52
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Figure 10. Load-displacement curves of the corroded bolt-sphere connections.

When compared with the uncorroded specimen, the yield load of specimen C-1
decreased by 0.83%, the yield load of specimen C-2 decreased by 3.02%, and the yield
load for the specimen with the corroded degree of 4.44% decreased by 9.4 kN, accounting
for 4.16% of the yield load for the uncorroded specimen. The ultimate tensile loads of
all specimens changed a little, and the ultimate tensile load of the specimen corroded
for 45 days decreased by 8.51 kN compared with the uncorroded specimen, accounting
for a drop of 3.11% in the ultimate load of the uncorroded specimen. According to the
analysis results, the influences of corrosion on the stiffness, yield load, and ultimate load of
bolt-sphere connectors was less than 5%, indicating that the influences of corrosion on the
tensile properties of bolt-sphere connectors are small.

3.3.2. Corroded Bolt-Sphere Joints with Members

Figure 11 and Table 7 show the load-displacement curves and key mechanical parame-
ters of the bolt-sphere joints with members. It can be seen that there are almost no changes
in the tensile stiffness of the bolt-sphere joints with members; that is, corrosion has little
effect on the tensile stiffnesses of the bolt-sphere joints with members. The yield load and
yield displacement of the bolt-sphere joints with members decrease with the increase in the
degree of corrosion. When the degree of corrosion reaches 5.62%, the tensile yield load of
the joint decreases by 47.6 kN, which is 10.46% of the joint without corrosion.

600
500
400
-8 300 |
S
200
——— w=0%
—— 1=2.98%
100 - —— w=3.56%
—— W=5.62%
0 1 1 1

0 10 20 30 40 50

Displacement (mm)

Figure 11. Load-displacement curves of the corroded bolt-sphere joints with members.
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Table 7. Results of the tensile properties of the corroded bolt-sphere joints with members.

Specimens w/% Fy/kN dy/mm Fy/kN dy/mm
J-0 0 455.21 5.39 508.28 40.79
J-1 2.98 442.15 5.22 518.63 42.17
J-2 3.56 423.71 493 515.27 41.24
J-3 5.62 407.61 4.75 481.65 35.63

To further analyze the influence of corrosion on the mechanical properties of bolt-
sphere joints with members, the atmospheric corrosion rates of Q355B, 45 steel, and 40Cr
were compared in this paper. The average corrosion rate of different steels in the Beijing
area of China over 16 years (accessed via the China Corrosion and Protection Website) is
shown in Table 8. According to Table 8, the corrosion rate of Q355B is greater than that of
45 steel and 40Cr in the same atmospheric environment, and the corrosion rate of Q355B is
about 1.49 times that of 45 steel and 1.93 times that of 40Cr. According to the test results
of the bolt-sphere connections, the effect of corrosion on the tensile performance of the
bolt-sphere joints with members is more significant; that is, the degradation of the tensile
performance of the corroded bolt-sphere joints with members is mainly caused by the
corroded members.

Table 8. The corrosion rates of different steels in Beijing.

Corrosion Rate/um/a
Q355B 45 Steel 40Cr
Atmosphere 11 7.4 5.7

Corrosive Environment

4. Simulation of the Corroded Bolt-Sphere Joints with Members
4.1. Model Information

In this paper, the thread of a high-strength bolt was modeled according to the thread
dimensions specified in the General Purpose Metric Screw Threads—Basic Dimensions
(GB/T 196-2003) [23], as shown in Figure 12 and Table 9.

- I >
P/8

-
-

\

H/3

SH/8
H

.
-

H/4

d

Figure 12. Diagram of the threads of a typical high-strength bolt.

Table 9. Parameters for the threads.

Bolt External Diameter/mm Internal Diameter/mm H/mm P/mm

M20 20 17.294 2.165 2.5
M27 27 23.752 2.598 3.0
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The uncorroded material properties of each component in the FE model refer to the
High Strength Bolts for Joints of Space Grid Structures (GB/T16939-2016) [24] and the
Quality Carbon Structure Steels (GB/T 699-2015) [25], as shown in Table 10. The double-
broken line model was adopted for the constitutive relationships between the three kinds
of steel in the FE model.

Table 10. Material properties.

Part Material E/MPa Poisson’s Ratio fy/MPa fu/MPa
Bolt-Sphere 45steel 210,000 0.3 355 600
Bolt 40Cr 210,000 0.3 940 1150
Member Q355 210,000 0.3 410 550

In ABAQUS, the General Contact function was adopted to model the mutual contact
between the components; the properties of the contact were Hard Contact in the normal
direction, and the tangential friction coefficient was 0.2 [26]. The tetrahedral element
(C3D10M) was selected as the mesh type for the bolt-sphere and high-strength bolts [27].
The mesh was refined in the areas with large stresses, such as the thread connection, while
the mesh in other areas was relatively loose, which can not only reduce the calculation
time and improve the calculation efficiency but also ensures the accuracy of the analysis
results. For the bolt-sphere connections, a fixed constraint was applied to the bottom
surface of the high-strength bolt, and a displacement load was applied to the surface of
another high-strength bolt, as shown in Figure 13. The bolt-sphere joints with members
were loaded in the same way as the bolt-sphere connections, as shown in Figure 14.

(a) (c)

Figure 13. FE model of a typical bolt-sphere connection: (a) the whole model; (b) the bolt; (c) bolt hole.



Buildings 2022, 12, 1989

12 0f 18

@)

17
11

(b) (c)

Figure 14. FE model of a typical bolt-sphere joint with members: (a) the whole mode; (b) the
bolt-sphere; (c) the cone-head.

4.2. Comparison and Verification

The above material constitutive and modeling methods were used for the numerical
simulation of the uncorroded bolt-sphere connections, and the load-displacement curves
and stress diagrams of the bolt-sphere connections are shown in Figures 15 and 16.

300

250

~200F

(kN

< 150

Oax

O 1 1 1 1
0 2 4 6 8 10

Displacement (mm)

Figure 15. Load-displacement curves of the bolt-sphere connection from the test and FE.

5, Mises

(Avg: 75%)
+2.057e+03
+9.100e+02
+8.342e+02
+7.585e+02
+6.827e+02
+6.070e+02
+5.312e+02
+4.555e+02
+3.797e+02
+3.040e+02
+2.282e+02
+1.525e+02
+7.672e+01
+9.700e-01

(a) (b) (©)

Figure 16. Stress diagrams of the bolt-sphere connection: (a) initial loading; (b) mid-term loading;
(c) postloading.

The load-displacement curve obtained by the numerical simulation is consistent with
the experimental curve, and the initial stiffnesses are almost coincident. The yield load
obtained by the finite element method is 3.6% larger than the experimental value, and the
difference between the ultimate tensile load obtained by the numerical simulation and the
experimental value is 5.1%, both of which are within 10%. The results of the finite element
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analysis show that the stress concentration is the most obvious at the juncture between the
smooth part and the threaded part of the bolt in the initial loading stage. With the increase
in displacement load, the plastic state first occurred here, and then the specimen fractured
at this location, which is consistent with the failure mode in the test. Figure 17 shows the
comparison between the load-displacement curves of the uncorroded bolt-sphere joints
with members from the test and FE. The calculation results of the finite element model of
the joint are in good agreement with the test values, and the only difference at the ultimate
tensile load on the postloading portion is 6.7%.

600

500

400

Load (kN)
o)
S

200

100 |- Test|
——FE

0 L L L L L
0 10 20 30 40 50

Displacement (mm)

Figure 17. Load-displacement curves of the bolt-sphere joint with members from the test and FE.

Figure 18 shows the stress diagrams of the uncorroded bolt-sphere joint with members
during the loading process. The stress development state of the bolt-sphere joint with
members is the same as that of the bolt-sphere connection, which shows that the junction
between the smooth segment and the threaded segment of the bolt rod first enters the plastic
state. In addition, according to the stress diagrams, it can be concluded that, during the
loading process, the high-strength bolt first entered a plasticity state, and then the members
entered a plasticity state. When the high-strength bolt reached the ultimate strength, the
member was still in a plastic state, and the stress level of the member did not reach the
ultimate strength; therefore, the failure of the bolt-sphere joint with members occurred at
the location of the high-strength bolt, which is consistent with the experimental results.

5, Mises

(Avg: 75%)
+2.190e403
+39.400=402
+8.617e402
+7.835e402
+7.052e402
+6.2692402
+5.4287e402
+4.7 042402
+3.922e402
+3.13%9e402
+2.356e4+02
+1.574e4+02
+7.911e+01
+&.446e-01

(b)

Figure 18. Stress diagrams of the bolt-sphere joint with members: (a) initial loading; (b) mid-term
loading; (c) postloading.

4.3. Parameter Analysis

In order to further analyze the tensile performance of the corroded bolt-sphere joints
with members, the finite element model of the corroded bolt-sphere joints with members is
simplified in this paper, according to the test result that corrosion has little effect on the
mechanical performance of the bolt-sphere connections, and that the degradation of the
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tensile performance of the corroded bolt-sphere joints with the bars is mainly caused by
the members. Therefore, in the corroded FE model, only the effect of the corrosion of the
member on the tensile behavior of the bolted sphere joints with members was considered.

The mechanical behaviors [28-32] and fatigue properties [33-40] of corroded steel
have been studied by various scholars. The material of the member in the bolt-sphere
joint is Q355B steel, and the existing research shows that the degradation of the mechan-
ical properties of the corroded QQ355B steel meets the following laws [41], as shown in
Equations (2)—-(5).

E'/E = 1-0.01015-w @)
f'y/fy = 1-0.01359w (3)
eu/ew = 1—-0.01765-w 4)
F' ) fa = 1—0.01646-w ®)

The above formulas were adopted to calculate the mechanical properties of the cor-
roded Q3558 steel, and the mechanical parameters of Q355B under different degrees of
corrosion are shown in Table 11.

Table 11. Mechanical parameters of the corroded Q355B.

w (%) E/MPa fy/MPa fu/MPa &u
0 210,000 410 590 0.2
2 205,737 399 571 0.193
2.98 203,648 393 561 0.189
3.56 202,411 390 555 0.187
4 201,474 388 551 0.186
5.62 198,021 379 535 0.180
6 197,211 377 532 0.179
8 192,948 365 512 0.172
10 188,685 354 493 0.165

The numerical simulation was carried out for the bolt-sphere joints with members
under three different degrees of corrosion corresponding to the experimental study. The
load-displacement curves obtained from the simulation are shown in Figure 19, and the
comparison results between the mechanical parameters obtained from the simulation and
the test are shown in Table 12.

w

=3

S
T

'S

=]

S
T

300

Load (kN)
Load (kN)

)

=]

S
T

=)
S
T

Displacement (mm)

(a)

=)

Displacement (mm) Displacement (mm)
(b) (c)

Figure 19. FE results of the corroded bolt-sphere joints with members: (a) w = 2.98%; (b) w = 3.56%;
(c) w=5.62%.

It can be concluded from the comparison results that the FE results and the test results
under different degrees of corrosion almost coincide regarding joint stiffness; the maximum
difference is 2.92% in the yield load, and the maximum difference is 11.96% in the ultimate
tensile load, which indicates that the FE results of the simplified corroded bolt-sphere
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joint with members are in good agreement with the test results. The simplified FE model
can accurately reflect the variations in the tensile strength of the bolt-sphere joints with
members under different degrees of corrosion.

Table 12. Comparison of the FE and test results.

2.98% 3.56% 5.62%
w
Test FE Deviation/% Test FE Deviation/% Test FE Deviation/%
Ey 442.15 430.03 —2.74 423.71 423.48 —0.05 407.61 419.52 2.92
dy 5.22 5.15 —1.34 4.93 4.72 —4.26 4.75 4.49 —5.47
Fu 518.63 458.4 —11.61 515.27 453.65 —11.96 481.65 449.72 —6.63

The above simplified FE model was adopted to numerically analyze the tensile per-
formance of the bolt-sphere joints with members under different degrees of corrosion; the
load-displacement curves are shown in Figure 20, and the key mechanical parameters are
shown in Table 13.

500 |
400 |
Z 300}
el
<
3
200 F
100 FE-8
FE-10
O “ L 1 L 1 L 1 L 1 L 1
0 10 20 30 40 50

Displacement (mm)

Figure 20. Load-displacement curves of the corroded bolt-sphere joints with members for different
degrees of corrosion.

Table 13. Mechanical parameters of the corroded bolt-sphere joints with members.

FE Model wl% Fy/kN dy/mm Fy/kN
FE-0 0 449.79 5.28 482.31
FE-2 2 436.38 5.22 469.94
FE-4 4 422.59 5.12 457.46
FE-6 6 414.24 4.99 444.32
FE-8 8 398.51 497 433.32

FE-10 10 387.07 4.84 418.24

In order to conveniently compare the degradations of the mechanical properties of bolt-
sphere joints under different service lives, this paper assumes that corrosion only occurs on
the outer surface of the specimen. The relationship between the mass loss rate and service
life (#) was established according to the corrosion rate in Table 8, and a normalization
analysis of the bolt-sphere joints with members in a corrosive environment was carried out.
The specific results are shown in Table 14. Linear fittings were performed to the results,
and the fitting results are shown in Figure 21.
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Table 14. Results of normalization analysis on the bolt-sphere joints.

1.00 -

0.88

Fitted curve

FJF,=1-0.00256-1

wl% t/year Fy/FyO dy/dy() Fu/Fug
0 0.00 1.00 1.00 1.00
2 10.9 0.97 0.99 0.97
4 21.7 0.94 0.97 0.95
6 32.6 0.92 0.95 0.92
8 43.5 0.89 0.94 0.90
10 54.3 0.86 0.92 0.87
= Fy/Fy = d,/dy, . F,/F,

100} 1o}

Fitted curve

Fitted curve

d /d =1-0.00144-1 096 1 F/F,,=1-0.00238-¢

Fu/FuO

0.92

0.88
0.92 "

0.84 . . .
0 10 20

t (year)

()

1 (year) t (year)
(b) ()

Figure 21. Fitting results against the service life, t, in years: (a) Fy/Fy; (b) dy /9y0; (€) Fu/Fyp.

Comparing the slopes of the three curves, it is obvious that the yield load of the joint
decreases fast, while the changes in the yield displacement are small, which indicates that
corrosion has a great influence on the elastic bearing capacity of the joint. The least squares
method was adopted to establish the quantitative relationships between the mechanical
properties and service time (t). The expressions are shown as follows.

Fy/Fyo = 1—0.00256-t (R2 = 0.999) ©)
dy /dyo=1—0.00144-t (R2 = 0.998) @)
Fu/Fao=1— 0.00238- (R2 - 0.999) ®)

5. Conclusions

In order to study the degradation of the tensile mechanical properties of the cor-
roded bolt-sphere connections and bolt-sphere joints with members, accelerated corrosion
tests were carried out, and the experimental study and finite element simulation of the
bolt-sphere connections and bolt-sphere joints with members under different degrees of
corrosion were carried out. The specific conclusions are as follows.

(1) Bolt-sphere connections with different degrees of corrosion fractured at the junction
between the smooth and threaded sections of the bolt rod. When the weight loss of the
bolt-sphere connection reaches 4.44%, the influences of corrosion on the stiffness, yield
load, and ultimate load of the bolt-sphere connection were less than 5%, and the influences
of corrosion on the tensile properties of the bolt-sphere connection were small.

(2) The corroded bolt-sphere joints with members still have a good bearing capacity,
and the fractures of the joint under different degrees of corrosion all occurred on the high-
strength bolts, which indicates that the bearing capacity of the corroded member of this
size is greater than that of the high-strength bolt, and the corroded members have high
safety reserves. Under the same atmospheric environment, the corrosion rate of Q355B
is about 1.49 times that of 45 steel and 1.93 times that of 40Cr. The degradation of the
tensile properties of the corroded bolt-sphere joints with members is mainly caused by the
corrosion of the Q355B members.
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(3) The finite element models of the bolt-sphere connections and bolt-sphere joints
with members were established, and the parametric analysis of the bolt-sphere joints
with specimens under different degrees of corrosion was carried out. The results of the
simplified finite element model are in good agreement with the experimental results, which
shows that the simplified FE model can effectively consider the influence of corrosion on
the tensile behavior of the bolt-sphere joints with members and can quickly calculate the
mechanical properties of the joints. Based on the results of the finite element analysis, the
degradation laws for the tensile properties of the bolt-sphere joints with members over
different service periods have been established.
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