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Abstract: The cable-stayed bridge anchorage system is prone to serious corrosion problems in the
offshore environment, threatening its service safety. Based on the copper accelerated salt spray
(CASS) test, the anchorage system was subjected to accelerated corrosion and then dissected along
the axial direction to study the corrosion damage evolution of the internal structure. This revealed
the evolution of corrosion damage in the anchorage system of offshore cable-stayed bridges. The
results show that in the offshore environment, a large number of corrosion factors enter the interior
of the cable anchorage system through the splicing seam at the junction of the anchor cup and
the connecting barrel, and spread to both ends, thus causing corrosion damage to the anchor cup,
connecting barrel, filling medium and cable steel wires. Inside the cable of the anchorage system,
cross-sections with a higher corrosion level on the outer circle steel wires will also have a higher
overall corrosion level. The outer circle steel wires are less able to meet the strength requirements,
because they withstand most of the corrosion effects, and the corrosion pits on the surface of the
steel wires will render them much weaker than the design tensile strength and fracture. After the
CASS test, the ductility of cable steel wires decreases from the inner circle to the outer circle, and
the higher the corrosion level of steel wires, the more obvious the brittle indications; the steel wires
tend to undergo brittle failure. In the design and manufacture of the cable-stayed bridge anchorage
system, special attention should be paid to the corrosion protection of the splicing seam, as well as
the corrosion condition and residual strength of steel wires in the outer circle of the cable, to delay
the degradation of the mechanical properties and brittle damage of the anchorage system.

Keywords: offshore cable-stayed bridge; anchorage system; copper accelerated salt spray test;
dissection; damage evolution

1. Introduction

The cable-stayed bridge anchorage system has a complex force structure and variable
service environment. The interior of the cable is usually provided with a filling medium [1]
and wrapped with a high-density polyethylene (HDPE) sheath [2–4], and the steel wires
inside the cable need to have high strength and corrosion resistance [5]. The offshore envi-
ronment has a high content of Cl- and other corrosion factors, high average temperature and
humidity, large temperature difference between day and night, and strong air mobility [6],
which makes the anchorage system of the offshore cable-stayed bridge more susceptible to
corrosion damage. Under the coupling action of electrochemical corrosion [7,8], vehicle
loads [9,10], wind loads [11,12], and temperature loads [13], the service safety of the whole
bridge is further endangered [14–17].

A large number of bridge researchers have focused their research on the evolu-
tion of the corrosion damage mechanism of cable steel wires of the cable-stayed bridge.
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Hamilton et al. [18] and Barton et al. [19] conducted accelerated corrosion tests on cables
with seawater, studied the uniform corrosion and corrosion cracking of cables under no
load and alternating load, and obtained the corrosion fracture characteristics of cables.
Wenzhi [20] studied the corrosion mechanism and corrosion damage evolution process of
cable steel wires by simulating the service environment of the offshore cable-stayed bridge
with the salt spray corrosion test. Xiaoyu et al. [21] carried out an accelerated corrosion
test on the cable and analyzed the loss of steel wires’ quality and strength, which helped
in predicting the lifetime of cables in actual service [22,23]. Mayrbaurl et al. [24] found
that the ductility of corroded steel wires inside the cable in the service environment was
lower than that under the test conditions. Marandi et al. [25] concluded that the protective
oxide layer produced by immersing galvanized steel wires in salt water medium enhances
the resistance of steel wires to corrosion. In general, steel wires with different degrees of
corrosion correspond to different degrees of degradation of mechanical properties [26–29].
Nakamura et al. [30] realized the simulation of the spatial distribution of steel wires with
different corrosion degrees by wrapping the steel wires of the main cable of the suspension
bridge with wet gauze. Guowen et al. [31] studied the corrosion mechanism of cables
based on impressed current cathodic protection and proposed a new concept of active
control of cable corrosion protection. Yangguang et al. [32] found that the uniform corrosion
process of bridge cables can be divided into two stages: galvanized layer corrosion and iron
matrix corrosion, and the significant decrease in mechanical properties such as ductility of
corroded steel wires occurs in the iron matrix deterioration stage [33–35].

Existing research on the cable-stayed bridge anchorage system mainly focuses on
force deformation and new materials and processes. Jingyu [36] analyzed the fatigue
damage evolution of the carbon fiber-reinforced polymer cable-stayed bridge anchorage
system and investigated the durability of their stress-hygrothermal coupling; for the steel
strand cable anchorage system, the fire resistance and slip resistance significantly decrease
with the increase of stress [37]. Jingyang et al. [38] and Bo [39] conducted extensive
research on the long-term performance of the large-tonnage fiber-reinforced polymer cable
anchorage system and developed an extruded anchorage system based on the results.
Guowen and Shiya [40] conceived a device of impressed current cathodic protection to
implement corrosion protection for the cable anchorage system; on this basis, Guowen and
Xuanbo [41] envisioned the construction of a pre-stressed flexible sealing device to achieve
more effective vibration-damping and sealing of the anchorage system. Marco et al. [42]
proposed a more efficient anchoring scheme for fiber-reinforced composite cables, while the
self-anchoring carbon fiber-reinforced polymer cables using composite anchorage systems,
group anchorage systems, and optimized anchoring forms can also improve the service
stability of anchorage systems [43–45].

Currently, a few scholars have studied the corrosion damage of cable-stayed bridge
anchorage systems. In this study, the accelerated corrosion test of the offshore cable-stayed
bridge anchorage system was carried out according to the copper accelerated salt spray
(CASS) test. Through the dissection test, the corrosion condition of each structural system
of the anchorage system was evaluated, the corrosion distribution of cable steel wires
inside the anchorage system was analyzed, and the corrosion damage evolution process
was studied. It provides a reference for the design of the long-term performance of the
offshore cable-stayed bridge anchorage system in actual projects, and it performs targeted
maintenance and repair of different parts of the offshore cable-stayed bridge anchorage
system under service conditions, allowing the remaining service life of the anchorage
system of cable-stayed bridges to be evaluated more effectively.

2. Tests
2.1. Accelerated Corrosion Test

The CASS test was used to conduct accelerated corrosion tests on the offshore cable-
stayed bridge anchorage system. We increased the ambient temperature of the test, added
an appropriate amount of CH3COOH and CuCl2·2H2O into the corrosion solution, and
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applied the corrosion solution to the anchorage system in a state of salt spray to improve
the test efficiency [46,47], so as to simulate the rapid corrosion state of the cable-stayed
bridge anchorage system in offshore environment. The anchorage system was kept in an
acidic environment of pH = 3.1–3.3 throughout the test, and the humidity was controlled at
about 95%. In addition, a large volume salt spray test chamber and a spray device with
stable air pressure were selected to provide a guarantee for the uniform settlement of salt
spray. The salt spray settlement rate was controlled at 1.5 mL/(80 cm2·h)–2 mL/(80 cm2·h),
the temperature in the test chamber was set at 50 ◦C ± 1 ◦C, and the test details strictly
complied with the relevant specifications [48–50].

The configuration of the test corrosion solution was completed using basic reagents
such as NaCl, CH3COOH, CuCl2·2H2O, and distilled water, as shown in Table 1 [51].

(1) Dissolved NaCl. By adding appropriate NaCl to distilled water with a temperature
range of 23 ◦C–27 ◦C and a conductivity of ≤20 mS/m, a NaCl solution with a concentration
range of 45 g/L–55 g/L was configured to a pH of about 6.7 at this stage;

(2) Added CuCl2·2H2O. By adding CuCl2 to the solution to accelerate the corrosion
rate, the concentration range was controlled at 0.24 g/L–0.28 g/L;

(3) Adjusted pH. The pH of the solution was adjusted to a steady state of 3.1–3.3 by
adding an appropriate amount of CH3COOH to the corrosion solution, as described above,
and monitored by a precision acidity measuring instrument.

Table 1. Reagents for corrosion solution.

Number Reagents Name Specification Technical
Parameters Quantity

1 NaCl 500 g/bottle AR 40
2 CuCl2·2H2O 500 g/bottle AR 2
3 CH3COOH 500 mL/bottle AR 8

Basic tools such as electronic balances, measuring cylinders, beakers, and glass stirring
bars were also required in the process of preparing solutions to assist in the weighing,
dilution, and dissolution of reagents, as well as the transfer of the corrosion solution, which
will not be described here. This test used the salt spray test chamber, air compressor,
industrial digital microscope, and digital camera of the State Key Laboratory of Mountain
Bridge and Tunnel Engineering of Chongqing Jiaotong University to cooperate with the
work, and the specific models and technical parameters of the equipment are shown
in Table 2.

Table 2. Equipment for corrosion test.

Number Equipment Name Model Technical Parameters Quantity

1 Salt spray test chamber YC-200 Geometric dimension:
2700 mm × 1500 mm × 1500 mm 1

2 Precision acidity
measuring instrument PHS-3C 1

3 Air compressor VB-0.2/8 2.2 kW 1
4 Electronic balance SL500ZN Precision: 0.01 g 1

5 Industrial digital
microscope SK2700H 1

6 Digital camera CANON EOS 1

After the pretreatment was prepared, polished and cleaned up the surface of the
complete anchorage system, and stood for a period of time to make it dry. Cleaned the
inside of the salt spray test chamber to avoid interference from other factors to the test and
checked the solenoid valve, temperature control system, sensor, and terminal controller
inside the salt spray test chamber system to ensure that the air compressor supply is normal
and the visual operation interface is operational. Then the two ends of the anchorage
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system were sealed with epoxy resin and placed on the support inside the test chamber
to avoid direct contact with the chamber. As shown in Figure 1, an all-day CASS test was
conducted on the anchorage system for 200 days, totaling 4800 h.
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Figure 1. Anchorage system in salt spray test chamber.

2.2. Anchorage System Dissection Test
2.2.1. Basic Parameters

The cable anchorage system used in the CASS test in Figure 1 was disassembled from
a cable-stayed bridge cable-changing project in the offshore area of southeast China. The
model is LM(1770)-7-121, the anchor cup is made of 42CrMo, the anchor ring is made of
40Cr, and the anchor protective cover is made of 022Cr17Ni12Mo2 stainless steel. The
anchorage system’s cable model is LPES(1770)-7-127-Zn; the cable is composed of high-
strength galvanized parallel steel wires, with 127 wires arranged in a cross-section, and
the steel wires have a diameter of 7 mm and a design tensile strength of 1770 Mpa. The
cable protective cover and sealing cover are also made of 022Cr17Ni12Mo2 stainless steel.
The cable anchorage system adopts a metal zinc coating for anti-corrosion; the thickness of
the zinc coating of the anchor cup and other auxiliary components is ≥90 µm, and the unit
mass of the zinc coating on the surface of steel wire is ≥300 g/m2. The basic parameters of
the anchorage system are shown in Table 3, and the basic parameters of the cable of the
anchorage system are shown in Table 4.

Table 3. Basic construction parameters of anchorage.

Model of
Anchorage

External Diameter
of Anchor Cup

Length of
Anchor Cup

External Diameter
of Anchor Ring

Height of
Anchor Ring

Weight of
Anchorage

LM(1770)-7-127 240 mm 450 mm 310 mm 135 mm 140 kg

Table 4. Basic construction parameters of cable.

Model
of Cable

External
Diameter of

the Cable

Thickness
of Sheath

Unit Mass
of Cable

Diameter of
Naked Cable

Area of
Naked Cable

Unit Mass of
Naked Cable

LPES(1770)-7-
127-Zn 109 mm 9 mm 41.1 kg/m 91 mm 4888 mm2 38.4 kg/m

2.2.2. Dissection

The corroded anchorage system was transported to a processing plant in Chongqing,
China for dissection, so as to evaluate and analyze the corrosion damage inside the an-
chorage system. The dissection scheme is shown in Figure 2. The green line segment in
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Figure 2 is the junction of the anchor cup and the connecting barrel, which is a splicing
seam structure. The right side of the green line segment is the connecting barrel, and the
structure with screw threads on the left is the anchor cup. The anchor ring is anchored
outside the anchor cup and does not form an integral structure with the anchorage system,
so it is not part of the test. The dissection process of the anchorage system is shown in
Figure 3, and the specific dissection process is as follows:

(1) Carry out the dissection of cutting line 2, which is located to the right of the splicing
seam (the green line segment) of the anchor cup and the connecting barrel at a distance of
5 cm;

(2) Carry out the dissection of cutting line 1, which is located to the left of the splicing
seam (the green line segment) of the anchor cup and the connecting barrel at a distance of
15 cm;

(3) Longitudinal symmetrical dissection of the left part of cutting line 2 along cutting
line 5;

(4) Carry out the dissection of cutting line 3, which is positioned in the center of the
connecting cylinder in this section (center of the two yellow line segments);

(5) Longitudinal symmetrical dissection of the portion between cutting line 2 and
cutting line 3 along cutting line 5;

(6) The dissection process of cutting line 4 is consistent with steps (4) and (5); the part
between cutting line 3 and cutting line 4 is dissected longitudinally and symmetrically
along cutting line 5 after the dissection of cutting line 4;

(7) Specify the area of the anchor cup end on the left side of cutting line 1 as area A,
the area between cutting lines 1 and 2 as area B, the area between cutting lines 2 and 3 as
area C, the area between cutting lines 3 and 4 as area D, and the area of the cable end on
the right side of cutting line 4 as area E.
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Compared with the anchorage system before the CASS test, the anchorage system
after 200 days of accelerated corrosion has a dense red-brown rust layer evenly attached
on the surface, and the rust at the screw threads on the outer wall of the anchor cup is
darker and the corrosion products accumulate more, indicating that the corrosion of the
anchor cup is more serious. After the dissection of the anchorage system is completed, its
cross-sections are shown in Figure 4a–d, and the corresponding longitudinal anatomical
sections are shown in Figure 4e.
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By comparing and analyzing each cross-section, it can be intuitively seen that although
the corrosion of the screw threads on the outer wall of the anchor cup is more serious, the
internal metal luster and steel wire integrity of the cutting line 1 cross-section (Figure 4a)
and cutting line 3 cross-section (Figure 4c) are high, and no obvious corrosion products
appear. The corrosion degree of the cutting line 4 cross-section (Figure 4d) near the cable
end is at a medium level, the metal luster of both cross-sections and longitudinal sections
has significantly decreased; the cross-section shows black or dark gray corrosion patches,
and the longitudinal section has yellowish corrosion products attached near the outer circle
steel wires. The cutting line 2 cross-section (Figure 4b) has the most serious degree of
corrosion; a large amount of red-brown rust appears in the outer circle of the cable, the
corrosion depth is deep, and the rust extends from the outer wall of the connecting barrel
to the inner cable steel wires.

3. Results and Analysis
3.1. Anchor Cup, Connecting Barrel and Filling Medium

The offshore cable-stayed bridge anchorage system is filled with epoxy iron sand,
which needs to be separated to gain access to the internal steel wires. Firstly, the anchorage
system shell was separated from the internal cable to obtain the adhesive body of steel
wires and filling medium, and then the epoxy iron sand was chiseled off with a hammer
to make the epoxy iron sand come off from the steel wires’ surface. Figure 5 shows the
corrosion condition of the anchor cup and filling medium after disassembly.
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During the dismantling process, it has been found that there are different degrees
of corrosion damage inside the anchorage system. Combined with Figures 2 and 4, the
corrosion micromorphology of the anchor cup and connecting barrel in Figure 5a,b is very
similar. There are a large number of dark yellow corrosion products generated, the pits of
uneven shape and size are all over the surface of the anchor cup and connecting barrel, the
pits on the inner wall of the splicing seam of the anchor cup and connecting barrel expand
and intersect with the corrosion process, and finally form a long stripe, millimeter-scale
corrosion crack as shown in Figure 5a. In general, areas B and C have the most serious
corrosion near the splicing seam, followed by the direction of the cable end in area D, and
the area between the two yellow line segments of the connecting barrel is less corroded.

The anchor ring depends on the screw threads to anchor the outer wall of the anchor
cup, which plays an important role in transmitting the force deformation between the
anchorage system and the main beam. The outer wall of the anchor cup gathers more
corrosion factors (O2, Cl−, sulfide) due to the presence of the screw threads [52], causing
damage to and deformation of the screw threads. Although the damage of the screw
threads is less damaging to the internal steel wires, it may affect the normal service strength
of the anchor ring, which also threatens the service safety of the offshore cable-stayed
bridge anchorage system.

As shown in Figure 5c, under the protection of the connecting barrel, there is no
large-scale pit in epoxy iron sand, and the main corrosion products are white or gray-black.
On the one hand, the white substance is made up of the passivation film ZnO and the
corrosion product Zn(OH)2 of the anticorrosive coating of the inner wall of the connecting
barrel; on the other hand, it is a loose-textured white Zn5(OH)8Cl2·H2O generated by
the further reactions of Cl−, CH3COOH, and Cu2+ in the accelerated corrosion test. The
gray-black substance is composed of rust spots generated by the reaction of Zn(OH)2, ZnO,
and their hydrates with impure gases such as CO2 in the environment; a small amount of
black Fe3O4 may also be generated by the epoxy iron sand at a test temperature of 50 ◦C.

It can be seen from the adhesive body of steel wires and epoxy iron sand shown in
Figure 5d that the corrosion degree of epoxy iron sand is more serious than that of steel
wires, and epoxy iron sand blocks part of the corrosion factors for the steel wires, providing



J. Mar. Sci. Eng. 2023, 11, 896 8 of 16

another guarantee for the corrosion protection of the cable. The corrosion of the HDPE
sheath is mainly manifested in the connection parts with other components; as shown in
Figure 5e, the connection on the right side of the HDPE sheath has been deformed and
generated a lot of rust. The accumulation of corrosion products will squeeze the inside of
the HDPE sheath and create gaps with the cable; these gaps provide a favorable space for
the aggregation and diffusion of corrosion factors in the offshore environment, accelerating
the corrosion rate of the cable. Similar to the HDPE sheath, the epoxy resin shown in
Figure 5f is cracked due to large wind and temperature loads during the service of the
offshore cable-stayed bridge, causing more corrosion products to accumulate there, the
accumulation of corrosion products reacts on the cracks, and the two promote each other.
Although epoxy resin does not directly participate in the force and electrochemical reaction
of the anchorage system, the rapid development of cracks reduces the bonding performance
while providing diffusion channels for corrosion factors, thereby reducing the integrity of
the anchorage system.

3.2. Corroded Cable Steel Wires
3.2.1. Morphology and Weight Loss

In order to study the corrosion characteristics of cable steel wires inside the cable-
stayed bridge anchorage system, after the epoxy iron sand was chiseled clean, steel wires
were classified by the number of laps they belong to, and then the corrosion morphology
was observed by an industrial digital microscope. According to the dissection test of the
anchorage system, the corrosion degree of area A is insignificant, while the fracture of
area E at the cable end is artificially truncated, and is far from the anchorage system, thus
its corrosion level is not highly correlated with the anchorage system. Therefore, areas
B, C, and D are the main research objects of the following. The outermost steel wires of
the cable cross-section are specified as circle 1, and from the outer ring to the inner ring
are circles 1 to 6, respectively. The corrosion micromorphology of steel wires shown in
Figure 6 corresponds to circles 1 to 6 from top to bottom. Circle 7 is the most central
steel wire located in the cable cross-section, which was destroyed during the longitudinal
symmetrical dissection along cutting line 5 and is not considered at first.
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From Figure 6, it is easy to see that the three areas of the outer circle steel wires have
obvious corrosion characteristics, especially the galvanized layer of circle 1 steel wires in
areas B and C is basically completely destroyed and part of the white zinc compounds
remained. The corrosion medium has invaded the iron matrix, and the composition of
the rust on the steel wires’ surface is mainly red-brown Fe2O3, in addition to black Fe3O4,
yellow FeOOH, and red-brown Fe(OH)3. The galvanized layer of circle 2 to 4 steel wires
shows different degrees of localized corrosion damage, and the iron matrix is exposed.

Compared with the steel wires of circle 1, the steel wires of circle 2 to 4 have shallower
breakage depth and smaller breakage extent, and the corrosion becomes lighter from the
outer circle to the inner one. The shape and texture of these steel wires are similar to
those of the anchor cup, with white ZnO, Zn(OH)2, and Zn5(OH)8Cl2·H2O attached to
the surface; the iron matrix surface is also tightly attached with white Fe(OH)2. The steel
wires of circle 2 to 4 expose a certain black iron matrix but do not produce red-brown rust,
indicating that the iron matrix does not participate in the reaction and the galvanized layer
still plays a cathodic protection role as a sacrificial anode for steel wires. The steel wires of
circles 5 and 6 show almost no traces of corrosion, with a high gloss on the galvanized layer
and only slight scratches on the surface of the steel wires; these scratches are formed by the
relative slippage between cable steel wires inside the anchorage system during service.

Three representative steel wires were selected from each circle (6 circles in total) in
areas B, C, and D, and a total of 54 steel wires were divided into three groups according to
their respective regions. The length of the steel wires after cutting was 16.8 cm in area B,
23.3 cm in area C, and 28.5 cm in area D. The rust layer on the surface of the corroded steel
wires was cleaned with a brush in flowing water, and the cleaned steel wires were placed
in a desiccator for drying before being weighed and recorded with an electronic balance
in turn. According to the recorded data of the difference between the pre-corrosion mass
and the mass after corrosion of each steel wire section, the weight loss quantity of corroded
steel wires was calculated as shown in Figure 7.

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 10 of 17 
 

 

  
(a) (b) 

 
(c) 

Figure 7. Weight loss of corroded steel wires: (a) group one; (b) group two; (c) group three. 

The weight loss quantity of steel wires in Figure 7 quantitatively describes the effect 

of corrosion on the quality of steel wires in different areas; the weight loss quantity of 

corroded steel wires is smaller as the distribution of the steel wires approaches the center 

of the cable cross-section. In group three, the weight loss quantity of circle 1 and 6 single 

steel wire in areas B and C both exceed 0.44 g, while the corrosion weight loss quantity of 

circle 1 steel wires in area D is only half that of the remaining two areas. In addition, the 

corrosion weight loss quantity of individual steel wires near the inner circle is negative, 

because steel wires near the inner circle have a very low corrosion degree, and steel wires 

in the anchorage system may be adhered to the filling medium or corrosion products of 

the outer steel wires, resulting in an increase in the quality of these steel wires instead of 

a decrease. 

The corrosion weight loss rate was expressed by dividing the weight loss quantity by 

the pre-corrosion mass of each steel wire section, and is used to make dimensionless the 

corrosion weight loss quantity of steel wires with different lengths to compare the corro-

sion degree of steel wires in different areas. The initial mass of steel wires is converted 

according to the mass per unit length of 301 g/m [4] for the 7 mm cable steel wire in the 

relevant specifications. As can be seen from the corrosion weight loss rate in Figure 7, the 

corrosion weight loss rate of the outer circle steel wires is much higher than that of the 

inner circle, especially the corrosion weight loss rate of circles 1 and 2 steel wires in the 

outermost circle, which shows a cliff-like decline, while the corrosion weight loss rate from 

circle 2 to circle 6 steel wires shows a slow decline, and from circle 4, the corrosion weight 

loss rate of steel wires in each area is basically within 0.2%. The corrosion weight loss rate 

of circle 1 steel wires in areas B and C is much higher than 0.6%, and the corrosion weight 

loss rate of circle 1 steel wires in area B is the most serious in group 3, reaching 0.87%, 

which is the highest among all steel wires. While the corrosion weight loss rate of steel 

Figure 7. Weight loss of corroded steel wires: (a) group one; (b) group two; (c) group three.



J. Mar. Sci. Eng. 2023, 11, 896 10 of 16

The weight loss quantity of steel wires in Figure 7 quantitatively describes the effect
of corrosion on the quality of steel wires in different areas; the weight loss quantity of
corroded steel wires is smaller as the distribution of the steel wires approaches the center
of the cable cross-section. In group three, the weight loss quantity of circle 1 and 6 single
steel wire in areas B and C both exceed 0.44 g, while the corrosion weight loss quantity of
circle 1 steel wires in area D is only half that of the remaining two areas. In addition, the
corrosion weight loss quantity of individual steel wires near the inner circle is negative,
because steel wires near the inner circle have a very low corrosion degree, and steel wires
in the anchorage system may be adhered to the filling medium or corrosion products of
the outer steel wires, resulting in an increase in the quality of these steel wires instead of
a decrease.

The corrosion weight loss rate was expressed by dividing the weight loss quantity
by the pre-corrosion mass of each steel wire section, and is used to make dimensionless
the corrosion weight loss quantity of steel wires with different lengths to compare the
corrosion degree of steel wires in different areas. The initial mass of steel wires is converted
according to the mass per unit length of 301 g/m [4] for the 7 mm cable steel wire in the
relevant specifications. As can be seen from the corrosion weight loss rate in Figure 7, the
corrosion weight loss rate of the outer circle steel wires is much higher than that of the
inner circle, especially the corrosion weight loss rate of circles 1 and 2 steel wires in the
outermost circle, which shows a cliff-like decline, while the corrosion weight loss rate from
circle 2 to circle 6 steel wires shows a slow decline, and from circle 4, the corrosion weight
loss rate of steel wires in each area is basically within 0.2%. The corrosion weight loss rate
of circle 1 steel wires in areas B and C is much higher than 0.6%, and the corrosion weight
loss rate of circle 1 steel wires in area B is the most serious in group 3, reaching 0.87%,
which is the highest among all steel wires. While the corrosion weight loss rate of steel
wires in area D is always maintained at a low level, the corrosion weight loss rate of steel
wires in circles 1 and 6 in area D is not much different, and the corrosion protection effect
in area D is relatively good in the whole anchorage system.

3.2.2. Space Distribution

From the viewpoint of material and fabrication process, steel wires inside the anchor-
age system of cable-stayed bridges are the same as steel wires inside the cable. The only
difference is that the steel wires inside the cable are wrapped by HDPE sheaths, while the
steel wires inside the anchorage system, besides the HDPE sheath at the cable end, are also
wrapped by anchor cups and connection barrels near the anchor cup and filled with epoxy
iron sand. The corrosion level of the corroded steel wires inside the anchorage system was
graded by the corrosion classification of cable wire from Jun [53]. The spatial distribution
cloud diagrams of the corrosion level of cable steel wires inside the anchorage system are
shown in Figure 8.

It can be seen from Figure 8 that the corrosion distribution of steel wires has a certain
symmetry, and the average corrosion grade of every cross-sectional steel wire shows a
decreasing trend from the outer circle to the inner. It is worth noting that the corrosion level
of circle 1 steel wires in the right-most cross-section in area B and the left-most cross-section
in area C all reached level V and VI. The cross-section with a higher corrosion degree of the
outer circle steel wires will also have a higher overall corrosion level, but the inner circle of
the cross-section still has almost no corrosion damage steel wires, because the outer circle
steel wires block most of the corrosion factors for the inner circle steel wires and withstand
most of the corrosion effects.

The corrosion level is particularly serious at the splicing seam of the right side of area
B and the left side of area C; the corrosion level of circle 3 steel wires near this area has
reached level IV, while on the left side of areas B and D and the right side of area C, the
corrosion level of steel wires is not high and most are below level III.



J. Mar. Sci. Eng. 2023, 11, 896 11 of 16

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 11 of 17 
 

 

wires in area D is always maintained at a low level, the corrosion weight loss rate of steel 

wires in circles 1 and 6 in area D is not much different, and the corrosion protection effect 

in area D is relatively good in the whole anchorage system. 

3.2.2. Space Distribution 

From the viewpoint of material and fabrication process, steel wires inside the anchor-

age system of cable-stayed bridges are the same as steel wires inside the cable. The only 

difference is that the steel wires inside the cable are wrapped by HDPE sheaths, while the 

steel wires inside the anchorage system, besides the HDPE sheath at the cable end, are 

also wrapped by anchor cups and connection barrels near the anchor cup and filled with 

epoxy iron sand. The corrosion level of the corroded steel wires inside the anchorage sys-

tem was graded by the corrosion classification of cable wire from Jun [53]. The spatial 

distribution cloud diagrams of the corrosion level of cable steel wires inside the anchorage 

system are shown in Figure 8. 

 
(a) 

 
(b) 

 
(c) 

Figure 8. Spatial distribution of cable steel wires corrosion level cross-section: (a) area B; (b) area C; 

(c) area D. 

It can be seen from Figure 8 that the corrosion distribution of steel wires has a certain 

symmetry, and the average corrosion grade of every cross-sectional steel wire shows a 

decreasing trend from the outer circle to the inner. It is worth noting that the corrosion 

level of circle 1 steel wires in the right-most cross-section in area B and the left-most cross-

section in area C all reached level Ⅴ and Ⅵ. The cross-section with a higher corrosion 

degree of the outer circle steel wires will also have a higher overall corrosion level, but the 

inner circle of the cross-section still has almost no corrosion damage steel wires, because 

the outer circle steel wires block most of the corrosion factors for the inner circle steel 

wires and withstand most of the corrosion effects. 

The corrosion level is particularly serious at the splicing seam of the right side of area 

B and the left side of area C; the corrosion level of circle 3 steel wires near this area has 

reached level Ⅳ, while on the left side of areas B and D and the right side of area C, the 

corrosion level of steel wires is not high and most are below level Ⅲ. 

To more intuitively describe the axial distribution of the cable steel wires’ corrosion 

inside the anchorage system, the axial distribution of the steel wires with corrosion level 

Figure 8. Spatial distribution of cable steel wires corrosion level cross-section: (a) area B; (b) area C;
(c) area D.

To more intuitively describe the axial distribution of the cable steel wires’ corrosion
inside the anchorage system, the axial distribution of the steel wires with corrosion level
IV, V and VI is mainly investigated, as shown in Figure 9. The meanings of each color
line segment in Figure 9 are the same as in Figure 2. The highest number of steel wires
at level VI with the most severe corrosion occurs in the area between the splicing seam
and cutting line 2, and the highest number of steel wires at level IV and V are distributed
in the area near cutting line 2. However, there is almost no high-level corrosion damage
on steel wires in the cross-section near cutting line 3, which is consistent with the rules
in the previous dissection test and also consistent with the conclusion that the corrosion
of the cable near the circumferential crack is serious in the existing research [54,55]. The
splicing seam of the anchor cup and the connecting barrel can also be regarded as a
very small width annular opening, which becomes a favorable channel for the entry and
diffusion of corrosion factors. After the corrosion factors in the offshore environment enter
the anchorage system, they diffuse to the anchor cup end and the cable end along the
internal void, filling medium, and the inner wall of the anchor cup and connecting barrel,
respectively, causing corrosion of steel wires in the corresponding position. In the design
and manufacture of cable-stayed bridge anchorage systems, special attention should be
paid to the seals and corrosion protection measures of the splicing seam. Additionally,
the integrated structure of the anchor cup and connecting barrel should be taken into
consideration, and the gap generated by the splicing seam should be minimized to reduce
the possibility of corrosion factor invasion.

The highest number of steel wires with corrosion levels of IV, V and VI appears on
the right side of the splicing seam, and the number of steel wires with a corrosion level of
VI maintains a high level within about 20 cm to the right side of the splicing seam, which
indicates that the diffusion of corrosion factors to the cable end is obviously easier, and
the inner structure of the connecting barrel is more conducive to the diffusion of corrosion
factors. In the area near cutting line 4, the number of steel wires with corrosion levels of IV
and V increases to a certain extent, which can be explained by the poor sealing performance
of area D at the break at the cable end on the right side of cutting line 4 in the CASS test.
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3.2.3. Mechanical Properties

The mechanical tensile test was carried out using the corroded steel wires that were
preserved well in the previous test and met the requirements of the specification. It was
used to analyze the mechanical properties of steel wires inside the cable of the cable-stayed
bridge anchorage system. The microcomputer-controlled dual-arm electronic universal
testing machine (model: WDW-50) of the State Key Laboratory of Mountain Bridge and
Tunnel Engineering of Chongqing Jiaotong University was used in the test, and the loading
rate was set at 1.9 kN/s [4,56]. It should be noted that the length of the steel wires in
area B is much shorter than that in areas C and D in the dissect test, so it is difficult to
meet the tensile requirements. According to the comprehensive consideration of relevant
specifications [57], variable control, and equipment restrictions, only area C and area D
steel wires of similar lengths were tested in the tensile test, by changing the length of fixed
ends at both ends of steel wires to meet the requirements of the actual tensile length. The
morphology and strength data of the tensile fracture are shown in Figure 10.
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The tensile test of steel wires in various regions shows that the closer the steel wires are
to the inner circle, the lower the strength loss rate, and the closer the steel wires are to the
outer circle, the lower the probability of meeting the design tensile strength requirements,
and individual steel wires’ residual strength in the outer circle only retain half the level of
the design tensile strength. The fabrication of cable steel wires inside the anchorage system
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basically meets the strength safety factor in bridge engineering; after experiencing a small
degree of corrosion damage, the tensile strength of the inner circle steel wires still meets
the design tensile strength of 1770 MPa and even exceeds 1790 MPa.

By observing the fracture morphology of steel wires in different areas, it can be seen
that the steel wires have relatively obvious necking phenomena, and the fractures are
cup-shaped, showing different degrees of ductile fracture. The tensile data shows that
there is no obvious yield step in the whole test, and the ductility of steel wires decreased to
different degrees. Further, we define α as an important indicator to measure the ductility of
steel wires, which is the ratio of central fracture area to cup wall area. The central fracture
area is the brittleness indication of steel wires, which consists of the dimple in the central
fiber region and the radial fringe shear lip around the typical transient fracture area. The
cup wall area is the plastic indication of steel wires and refers to the cup-shaped neck
region formed by plastic deformation along the outer edge of the cross-section. When steel
wires are distributed from the outer circle to the inner, although the cup wall area does
not change much, the central fracture area increases significantly. Therefore, the α value
gradually increases from the inner circle to the outer, and the values of the α of circle 6 steel
wires in areas C and D are 0.6127 and 0.5740, respectively, while the values of the α of circle
1 steel wires reach 0.7828 and 0.7778, with a growth rate of more than 30% compared to
circle 6 steel wires. The reason for this situation is that the surface of the outer circle steel
wires with more serious corrosion forms more corrosion pits, and these corrosion pits will
have serious stress concentration in the case of axial stretching. Excessive stress makes the
fracture process of the steel wires from the elastoplastic deformation stage immediately
enter the brittle fracture stage, and the development process is rapid, which also explains
the reason why the corroded steel wires break when the tensile strength is lower than the
design tensile strength. In general, the ductility of steel wires decreases from the inner
circle to the outer, the brittle indication of steel wires with a higher corrosion degree is
more obvious, and the steel wires tend to undergo brittle failure, which directly causes
the service life of cable steel wires inside the cable-stayed bridge anchorage system in the
offshore environment to be more difficult to predict. Corrosion protection measures of
sealing, applied current and sacrificial anode should be taken for the internal ropes of
cable-stayed bridge anchorage system to slow down the degradation of the mechanical
properties of the ropes, and mechanical tests of the residual strength of the internal ropes
of the anchorage system should be conducted periodically to prevent the brittle damage of
the anchorage system without forewarning.

Since both ends of the steel wires need to be used as the fixed section of the universal
testing machine in the tensile test of corroded steel wires, the fracture position of the steel
wires is mainly in the middle of area C and area D (corresponding to the two yellow
line segments of the connecting barrel in Figure 2). However, since the main corrosion
damage in areas C and D occurred in the direction of the splicing seam and the cable
end, respectively, the difference in corrosion degree of the steel wires’ fracture position
is not obvious, which makes the average fracture strength of the steel wires in the two
areas basically at the same degree, although there are differences in the degree of local
corrosion. In addition, the randomness of the tensile strength of the inner circle steel wires
is obviously stronger, and its error range is larger, presumably because the inner circle steel
wires with less corrosion damage have greater ductility, and the plastic deformation of the
steel wires at a higher level of tensile strength may make the measured strength data have
more uncertainty.

4. Conclusions

Based on the CASS test, accelerated corrosion of the offshore cable-stayed bridge
anchorage system was carried out. The anchorage system was dissected along the axial
direction, the corrosion behavior characteristics were analyzed according to the corrosion
morphological characteristics of the anchorage system’s internal structure, the spatial
distribution of corrosion damage and mechanical properties of the cable steel wires were
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studied, and the corrosion damage evolution process of the offshore cable-stayed bridge
anchorage system was revealed. The following conclusions are drawn:

(1) A large number of corrosion factors in the offshore environment will enter the
interior of the cable anchorage system through the splicing seam at the junction of the
anchor cup and the connecting barrel, resulting in the most serious corrosion in the splicing
seam area. The corrosion factors mainly spread from the splicing seam to both ends of the
anchorage system, causing corrosion damage to the anchor cup, connecting barrel, and
filling medium, eventually corroding the cable, which is the main load-bearing structure.
The corrosion level of the steel wires in the direction of the cable end of the splicing seam is
higher, and the internal structure of the connecting barrel is more conducive to the diffusion
of corrosion factors.

(2) Inside the cable of the anchorage system, the outer circle steel wires bear most of
the corrosion effect; the higher the corrosion degree of the outer circle steel wires, the higher
the overall corrosion level will be. The fracture of the outer circle steel wires will lead to
stress redistribution in the cable, and the steel wires with the most severe corrosion often
determine the service life of the anchorage system. During the inspection of the bridge
anchorage system, extra attention should be paid to the corrosion of the outer circle steel
wires of the cable.

(3) Inside the cable of the anchorage system, the probability of the steel wires dis-
tributed in the outer circle meeting the design tensile strength requirements is much lower.
The steel wires of the outer circle will form more corrosion pits on the surface; these cor-
rosion pits will have serious stress concentration in the case of axial stretching, and the
excessive stress will make the fracture process of the steel wires from the elastoplastic
deformation stage immediately enter the brittle fracture stage, the tensile strength of the
corroded steel wires is lower than the design tensile strength and fracture occurs. The
ductility of cable steel wires decreases from the inner circle to the outer circle; the higher
the corrosion level of the steel wires, the more obvious the brittle indications, and the steel
wires tend to undergo brittle damage.
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