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Abstract: In this study, based on an actual project, the steel wire in the suspender of a concrete-filled
steel tube arch bridge was selected from appropriate samples to perform acetic acid-accelerated salt
spray tests, and steel wire samples with different corrosion degrees were obtained. A laser microscope
was used to measure the roughness of the samples, and three corrosion samples were randomly
selected from each group for grinding. Fatigue tests were performed on steel wire samples with
different degrees of corrosion and polished steel wire samples, and the fatigue fracture was observed
and analyzed. The results showed that few cracks on the steel wire surface could be eliminated by
grinding, and the fatigue life of the specimens could be increased. Finally, the stress-life-mass loss
rate (S-N-η) probability model based on the Weibull distribution was obtained using the measured
fatigue data, which can be further referenced in the planning of the inspection of suspender service
status, steel wire corrosion protection, and fatigue life prediction, etc.

Keywords: arch bridge suspender; corrosion of steel wire; fatigue test; service life; surface treatments;
prediction model

1. Introduction

A suspender is an important stress component in the centre of an arch bridge, and
its condition directly affects the safety and durability of the structure [1]. A suspender
is typically designed to last 30 years, and many of the suspenders of bridges have been
replaced in less than 10 years. Although the suspender replacement is technically feasible,
the repair is expensive [2,3]. The bridge that provided the sample for this experiment also
faced the problem of replacing the suspender [4]. Effective corrosion control measures
can only delay the corrosion of the suspender [5]. As the in-service life increases, the
life of the suspender will be far less than the expected life under the combined effect of
corrosion and stress [6–9]. Corrosion is a common problem in both original design and
service life evaluation.

The mechanism of steel-wire fracture caused by stress and corrosion is controversial.
Mayrbaurl and Camo found that in a corrosive environment, the fracture of the wire rope is
mainly due to stress corrosion cracking followed by hydrogen embrittlement cracking [10].
Through an accelerated corrosion test, Betti et al. found that hydrogen embrittlement
alone is not sufficient to explain steel wire fracture. The main reason is that corrosion
leads to an uneven steel wire surface, and pits and microcracks would cause local stress
concentrations and fractures [11]. Nakamura et al. found that the fracture of steel wire
removed from a suspension bridge was characterised by fatigue fracture rather than
hydrogen embrittlement fracture [12]. Since the corrosion of steel wires in the suspension
rods of arch bridges is inevitable, it is very important to investigate the quantitative effect
of corrosion on the service life of steel wires.
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Regarding the corrosion condition and fatigue performance of corroded steel wire,
Li Rou investigated the relationship between fatigue fracture and corrosion degree and
found that the fatigue life decreases significantly at a low stress amplitude and high
corrosion degree. The fatigue crack propagation of a steel wire is sufficient at lower stress
amplitudes [13]. Under the combined effect of fatigue loading and corrosive medium, Wang
Ying found that the greater the depth and width of notched steel wire samples, the smaller
the initial defect morphology, the faster the crack growth rate, and the shorter the service
life [14]. Zheng Yuqian investigated the effect of the corrosion environment on the fatigue
life of steel wires, simulated corrosion pits of different shapes, and studied the influence of
initial defects on the life of steel wires by comparing the morphology of different initial tests
and retests [15]. In the practical engineering of Ma Yafei, the corrosion process is uncertain,
and the size of the corrosion pit is random. The stress concentration caused by corrosion
pits accelerates the development of fatigue cracks and reduces the fatigue life of bridge
slings [16]. Zheng et al. conducted steel wire corrosion and fatigue tests on the replacement
slings of an arch bridge that had been in service for 13 years. The results showed that the
corrosion performance of steel wire deceased significantly in the initial stage of corrosion,
and the corrosion rate decreased as the corrosion progressed. The greater the pit depth, the
lower the fatigue life [17,18]. Changqing studied the shape, number, and size of corrosion
pits on the steel wires of an arch bridge. As the depth of corrosion increases, corrosion
pits of different shapes combine to form larger elliptical corrosion pits [19]. Li Xiaozhang
et al. used the suspender steel wire of an arch bridge, which had been in service for ten
years, to assess the damage caused to the steel wire by varying degrees of natural corrosion,
artificial corrosion, and mechanical damage. Through fracture analysis after tensile and
fatigue tests, they found that the fatigue life of the steel wire was significantly reduced in
the early corrosion stage due to corrosion. However, the fatigue life of steel wires is not
significantly reduced by further corrosion [20]. Lepidi et al. used an analytical method to
analyse the effect of uniform corrosion on the mechanical properties of the cable, but their
study did not consider the corrosion law of the cable wire [21].

Chengming conducted fatigue tests on a high-strength, corroded steel wire with long
service life by considering the stay cable as a research object. A three-parameter Weibull
model was proposed to evaluate the fatigue life of corroded steel wire. A theoretical
model of the fibre bundle for calculating the fatigue life of parallel wire stay cables was
established [21–23]. Chen Airong et al. determined the yield and ultimate load of corroded
steel wire by an accelerated corrosion test of steel wire and established a degradation
model of yield and ultimate load of corroded steel wire based on normal distribution [24].
Chao et al. performed three-dimensional morphology measurements and fatigue tests
on steel wires with six corrosion grades. Data analysis revealed a bilinear S-N curve on
a logarithmic scale. On this basis, an empirical formula was established to calculate the
fatigue life taking into account the corrosion effect [25].

Based on the above, the purpose of this test is to quantitatively investigate the fatigue
performance of high-strength steel wire used as a suspender, and to analyse its corrosion
appearance and fatigue fracture. In addition, based on the Weibull distribution model,
the relationship between the stress and corrosion rate was described by the measured
fatigue life data. This provides a basis for the performance and service life of corroded
high-strength steel wires and for the maintenance and management of suspender members.

2. Materials and Experimental Preparation
2.1. Engineering Background

The long-span suspender arch bridge is a half-through concrete-filled steel tubular
arch bridge that spans a deep ditch in a mountainous area, with a main span of 260 m.
The carriageway beam is a 7.5 + 3 × 9 + 9.85 + 8.15 + 19 × 9 + 8.15 + 9.85 + 3 × 9 + 7.5 m
reinforced concrete π-shaped beam. The entire bridge first adopts simple support, followed
by a continuous construction technology. The plan view of the main bridge structure is
shown in Figures 1 and 2.
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Figure 2. Bridge elevation structure drawing (Unit: cm).

After 11 years of operation, eight booms were no longer able to meet the load capacity
requirements. The target boom from the anchoring end was considered as the starting
point. The corrosion is shown in Figure 3. The area of severe corrosion is generally located
near the anchor head area at the lower end of the suspender, near the damaged area of the
sheath, and below the damaged area where the galvanised layer of the wire has completely
failed and the wire base is corroded with brown metal oxide on the surface. However, on
the surface of the steel wire far from the anchor head, only the galvanised layer oxidises,
and the surface loses its metallic lustre and is still in the stage of uniform corrosion. The
farther the wire is from the anchor head and the damaged part, the less corrosion occurs.
The suspender was replaced with a heavily corroded suspender, and the design scheme is
shown in Figure 4.
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Figure 4. Suspender replacement construction process. (a) Schematic of the replacement scheme,
(b) Upper construction and (c) Lower construction.

2.2. Salt Spray Corrosion Test and Specimen Production

The salt spray test wire came from Beishengou concrete-filled steel tube arch bridge.
The bridge used OVMLZM-I type parallel steel wire cold cast anchor system. The suspender
consisted of 61 parallel steel wires with a diameter of 7 mm and a tensile strength of
1670 MPa; its structure system mainly consists of dozens of parallel steel wire wrapped
with polyurethane tape followed by HDPE protective layer, as shown in Figure 5. The
chemical composition of the steel wires is given in Table 1. To ensure the reliability of the
test, the steel wire used for the salt spray test was a non-corroded steel wire with a fully
galvanised layer inside the suspender.
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Table 1. Chemical compositions (wt.%) of steel wires.

Compositions C Si Mn S Cu Cr

wt.% 0.85–0.90 0.12–0.32 0.60–0.90 ≤0.0025 ≤0.10 0.10–0.25

The corrosion test was performed using the salt-spray corrosion chamber (Ayi Instru-
ment Technology Co. LTD, Shanghai, China) shown in Figure 6. The accelerated corrosion
test was conducted using acetic acid salt spray (AASS) according to ISO 9227: 1990 [26].
The temperature of the corrosion environment for the acetic acid accelerated salt spray test
was 35 ◦C; solid NaCl crystals with a purity of >99.5% were used, and the sodium chloride
concentration was 50 g/L ± 5 g/L in the salt solution prepared with pure water. Then,
an appropriate amount of glacial acetic acid was added to adjust the pH of the corrosion
solution to 3.0. A salt spray test machine was used to atomise the corrosive solution. After
a specified test period, the relevant corrosion data were observed and measured for the
steel wire. The intervals for this test were 10, 20, 40, 60, and 90 days.
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Figure 6. Salt fog corrosion chamber.

A measuring tape (Hengliang Measuring Tools Co., LTD, Shanghai, China) was
used to measure the truncated suspensions. The length was 500 mm, and the error was
within ±5 mm. Prior to testing, the specimen was cleaned, and wrapped 100 mm at both
ends with a plastic film and sealed with paraffin wax. This process prevents complete
corrosion, which could lead to the fracture of the sample in the clamping area.

2.3. Corrosion Specimen Phenomenon and Treatment

As can be seen from Figure 7, the steel wire surface without corrosion of the matrix is
covered by a complete silver galvanized layer or partially attached by zinc oxide. With the
deepening of the degree of corrosion, the galvanized layer is corroded away, and the steel
wire matrix gradually produces brown iron oxide [27,28].

Coatings 2022, 12, 1475 5 of 16 
 

 

 

Figure 6. Salt fog corrosion chamber. 

A measuring tape (Hengliang Measuring Tools Co., LTD, Shanghai, China) was used 

to measure the truncated suspensions. The length was 500 mm, and the error was within 

±5 mm. Prior to testing, the specimen was cleaned, and wrapped 100 mm at both ends 

with a plastic film and sealed with paraffin wax. This process prevents complete corro-

sion, which could lead to the fracture of the sample in the clamping area. 

2.3. Corrosion Specimen Phenomenon and Treatment 

As can be seen from Figure 7, the steel wire surface without corrosion of the matrix 

is covered by a complete silver galvanized layer or partially attached by zinc oxide. With 

the deepening of the degree of corrosion, the galvanized layer is corroded away, and the 

steel wire matrix gradually produces brown iron oxide [27,28]. 

  
(a)  (b)  

  

(c)  (d)  

  
(e)  (f)  

Figure 7. Samples of accelerated corrosion steel wire. (a) Matrix uncorroded specimens, (b) Speci-

mens after 10 days of corrosion, (c) Specimens after 20 days of corrosion, (d) Specimens after 40 days 

of corrosion, (e) Specimens after 60 days of corrosion and (f) Specimens after 90 days of corrosion. 

Then, in order to control the reaction speed, the steel wire was derusted with a clean-

ing solution mixed with dilute hydrochloric acid and hexamethylenetetramine [29]. The 

corroded samples were placed in a glass container, diluted with hydrochloric acid, soaked 

for 5–6 min, and then cleaned. The acid-washed high-strength steel wire was placed in a 

Ca(OH)2 solution to neutralise the residual hydrochloric acid on the surface and then 

placed in clean water (not higher than 40 °C) to wash off the residual Ca(OH)2 on the high-

strength steel wire. Finally, the steel wire was dried, as shown in Figure 8. The quality loss 

Figure 7. Samples of accelerated corrosion steel wire. (a) Matrix uncorroded specimens, (b) Specimens
after 10 days of corrosion, (c) Specimens after 20 days of corrosion, (d) Specimens after 40 days of
corrosion, (e) Specimens after 60 days of corrosion and (f) Specimens after 90 days of corrosion.

Then, in order to control the reaction speed, the steel wire was derusted with a
cleaning solution mixed with dilute hydrochloric acid and hexamethylenetetramine [29].
The corroded samples were placed in a glass container, diluted with hydrochloric acid,
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soaked for 5–6 min, and then cleaned. The acid-washed high-strength steel wire was placed
in a Ca(OH)2 solution to neutralise the residual hydrochloric acid on the surface and then
placed in clean water (not higher than 40 ◦C) to wash off the residual Ca(OH)2 on the
high-strength steel wire. Finally, the steel wire was dried, as shown in Figure 8. The quality
loss rate was used to evaluate the degree of corrosion, and the loss of weight η for each
steel wire was measured as follows:

η =
m0 −m1

m0
(1)

where m0 is the original steel wire mass, and m1 is the steel wire mass after rust removal.
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2.4. Surface Profile Measurement

In complex contour topography, Ra is often used to represent the roughness of the
contour, i.e., the vertical deviation between the contour line and the mean line within the
sampling length L. The mathematical expression is as follows:

Ra =
1
l

∫ l

0
|y(x)− ym|dx ≈ 1

k

k

∑
i=1
|yi − ym| (2)

where x is the coordinate of the contour length; y (x) is the contour height coordinate; ym is
the average contour height; yi is the contour height of the ith measurement point, and k is
the total number of measurement points.

Figure 9 shows the macroscopic appearance of the surface of the corroded steel wire;
the corroded state was relatively uniform. The steel wire was scanned with a LexT OLS5100
laser microscope produced by Olympus Corporation (Olympus Corporation, Tokyo, Japan)
(accuracy 0.12 µm). The equipment used in this study is shown in Figure 10. Typical surface
scan results for the steel wire are shown in Figure 11. The size of a single scan block is
a square with 260 µm side length. The surface conditions of the steel wire can be more
intuitively visualised with 3D scanning and contour maps. Corrosion pits in areas of severe
corrosion are interconnected, resulting in a loss of the cross-section area. The relationship
between the specimen roughness and corrosion time is shown in Figure 12. As can be
seen from Figure 12, the average roughness of the specimens gradually increases as the
corrosion increases.
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Figure 10. Laser microscope.
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Figure 12. The relationship between roughness and time.

The effect of stress is to produce the stress intensity at the crack tip, at which the crack
can expand. The corroded steel wire surface was full of holes, and some of the deeper small
holes could be cracks. The corroded steel wire was polished until the surface was smooth
and no hole was visible. The steel wire was then retested for fatigue loading.

3. Results and Discussion of the Fatigue Performance of Corroded Steel Wire
3.1. Test Equipment and Scheme

An MTS330 fatigue testing (MTS System Corporation, Eden Prairie, MN, US) was used
for the test, as shown in Figure 13. The test wire was attached to the test machine using
custom fixture equipment with a loading frequency of approximately 25 Hz. According to
the regulations for “ot-dip galvanised steel wire for bridge cables” [30], the amplitude of
the fatigue stress is 360 MPa; the maximum stress is set at 0.45 times the nominal ultimate
tension of the steel wire, namely, the maximum stress is 756 MPa. The calculated stress
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ratio is 0.52. In this experiment, the rest stress amplitude is 270, 450, 540, and 630 MPa. The
value of stress ratio is consistent with that of 360 MPa.
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3.2. Loading Conditions and Fatigue Life Test Results

After the fatigue failure of the steel wire, it was found that the cross-section of the
steel wire was clean, and there was no necking phenomenon, which is the standard fatigue
failure and brittle failure. The results of the fatigue tests for the suspender steel wires with
different degrees of corrosion under different stress amplitudes are shown in Appendix A
in Table A1. The fracture positions are not the clamping positions of the steel wires, and
the experimental data are valid.

3.3. Fatigue Port Morphology Analysis

Figure 14 shows three typical fracture characteristics of steel wire corroded for 10 days,
40 days and 90 days at a stress amplitude of 360 MPa, which correspond to mild, moderate
and severe corrosion states of steel wire matrix. In general, the fracture morphology of all
corroded wires is basically similar and consists of a smooth and flat fatigue propagation
zone and a transient fracture with rough surface and steps. No shell lines were found in the
fatigue propagation zone, indicating that the steel wire rapidly developed to fracture once
the macroscopic fatigue cracks occurred below the experimental stress amplitude. This
is because the high-strength steel wire has strong resistance to crack initiation and weak
resistance to crack propagation.

Coatings 2022, 12, 1475 9 of 16 
 

 

   
(a)  (b)  (c)  

Figure 14. Scanning electron morphology of whole fatigue fracture of corroded wire. (a) Type Ⅰ, (b) 

Type Ⅱ and (c) Type III. 

The pitting corrosion of type I fractures does not change the geometry of the steel 

wire surface and is a microscopic defect. This indicates that the surface of the steel wire 

can form microcracks, even under mild corrosion. Under the action of fatigue load, a stress 

concentration is formed at the site of the micro-crack in the steel wire, which promotes the 

formation and development of fatigue cracks in this area, promotes the accumulation of 

fatigue damage, and eventually leads to fatigue failure. From the microscopic mechanism 

of fatigue crack initiation, the microcracks caused by corrosion are equivalent to the de-

fects caused by the penetration and extrusion of a steel wire with intact surface under 

repeated cyclic loading, thus shortening the fatigue crack life. 

In addition, the appearance of the corroded steel wire with the same corrosion days 

was similar, but the fatigue life span was longer with a certain jump. For example, steel 

wire corroded for 20 d has a life span of 581,724–483,217 times at a stress range of 450 

MPa, and the fatigue life span is reduced by 17%. This indicates that the effect of corrosion 

on the fatigue life of steel wire is likely to be a jump; i.e., there is a defect failure threshold. 

If the defects caused by corrosion on steel wire do not reach this threshold, the expected 

fatigue life will basically remain unchanged. If the defect exceeds this threshold, the fa-

tigue life is significantly reduced. 

For steel wires with more severe corrosion, the distribution area of the pits is larger 

at the fatigue source location, which obviously changes the geometric shape of the steel 

wire substrate from a macroscopic point of view and creates a non-uniform fracture edge. 

Rust not only increases the surface roughness of the steel wire but also leads to the devel-

opment of fatigue cracks and obviously reduces the stress area of the steel wire. 

3.4. Corrosion Effects on Fatigue Life of Steel Wire 

As shown in Figure 15, there is an obvious two-stage relationship between stress am-

plitude and fatigue life of steel wires with different degrees of corrosion. When ΔS ≤ 360 

MPa, the decrease of stress amplitude ΔS leads to the obvious increase of steel wire fatigue 

life. When ΔS > 360 MPa, with the decrease of stress amplitude ΔS, the increasing trend 

of fatigue life of steel wire is obviously smaller than that of the interval with ΔS ≤ 360. 

Under the same stress amplitude, when ΔS ≤ 360 MPa, the decrease rate of steel wire fa-

tigue life with increasing corrosion degree is more drastic than that of ΔS > 360 MPa. It 

can be seen that the lower the stress amplitude is, the more sensitive the steel wire life is 

to corrosion. 

Figure 14. Scanning electron morphology of whole fatigue fracture of corroded wire. (a) Type I,
(b) Type II and (c) Type III.



Coatings 2022, 12, 1475 9 of 17

A comparison of the fracture shapes of the three types of steel wire showed that the
fracture of the steel wire of type I maintained a regular arc shape, whereas the fracture of the
type II steel wire had a distinct concave-convex tooth shape. A comparison of the typical
fracture morphology of the type III steel wire with that of other steel wires showed that
the steel wire contained three fatigue propagation plateaus, i.e., fatigue cracks originating
from multiple sources. This results in faster fatigue crack growth and lower fatigue life
than other wires for the same corrosion life.

The pitting corrosion of type I fractures does not change the geometry of the steel wire
surface and is a microscopic defect. This indicates that the surface of the steel wire can
form microcracks, even under mild corrosion. Under the action of fatigue load, a stress
concentration is formed at the site of the micro-crack in the steel wire, which promotes the
formation and development of fatigue cracks in this area, promotes the accumulation of
fatigue damage, and eventually leads to fatigue failure. From the microscopic mechanism
of fatigue crack initiation, the microcracks caused by corrosion are equivalent to the defects
caused by the penetration and extrusion of a steel wire with intact surface under repeated
cyclic loading, thus shortening the fatigue crack life.

In addition, the appearance of the corroded steel wire with the same corrosion days
was similar, but the fatigue life span was longer with a certain jump. For example, steel
wire corroded for 20 d has a life span of 581,724–483,217 times at a stress range of 450 MPa,
and the fatigue life span is reduced by 17%. This indicates that the effect of corrosion on the
fatigue life of steel wire is likely to be a jump; i.e., there is a defect failure threshold. If the
defects caused by corrosion on steel wire do not reach this threshold, the expected fatigue
life will basically remain unchanged. If the defect exceeds this threshold, the fatigue life is
significantly reduced.

For steel wires with more severe corrosion, the distribution area of the pits is larger at
the fatigue source location, which obviously changes the geometric shape of the steel wire
substrate from a macroscopic point of view and creates a non-uniform fracture edge. Rust
not only increases the surface roughness of the steel wire but also leads to the development
of fatigue cracks and obviously reduces the stress area of the steel wire.

3.4. Corrosion Effects on Fatigue Life of Steel Wire

As shown in Figure 15, there is an obvious two-stage relationship between stress ampli-
tude and fatigue life of steel wires with different degrees of corrosion. When ∆S ≤ 360 MPa,
the decrease of stress amplitude ∆S leads to the obvious increase of steel wire fatigue life.
When ∆S > 360 MPa, with the decrease of stress amplitude ∆S, the increasing trend of
fatigue life of steel wire is obviously smaller than that of the interval with ∆S ≤ 360. Under
the same stress amplitude, when ∆S ≤ 360 MPa, the decrease rate of steel wire fatigue life
with increasing corrosion degree is more drastic than that of ∆S > 360 MPa. It can be seen
that the lower the stress amplitude is, the more sensitive the steel wire life is to corrosion.
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Figure 15. Relationship between fatigue life and quality loss of pre-corroded steel wire.

The fatigue life of each corroded steel wire after grinding is shown in the Appendix A
in Table A1. At a stress range of 360 MPa, the fatigue limit of the polished steel wire
increased by nearly 30%. The higher the degree of corrosion, the greater the possibility of
irregular pits. The edge of the pit mouth is susceptible to stress concentration, which is
a fracture source. Under the action of an external load, the crack automatically expands,
and if the profit loading time is sufficiently long, this leads to complete failure. Mechanical
grinding eliminates the pits and cracks caused by corrosion, eliminates the fracture sources
to a certain extent, and improves the corresponding fatigue life.

In the logarithmic coordinate system, the relationship between fatigue life N and stress
amplitude ∆S is usually linear, as shown in Equation (3); m and Z are material constants,
and ln denotes natural logarithm. The S-N curve equations for the different rusting days
are given in Table 2.

m ln ∆S + ln N = ln Z (3)

Table 2. S-N curve under different corrosion degree.

Corrosion
Time (d) ∆S ≤ 360 MPa R2 ∆S > 360 MPa R2

10 3.0431 ln ∆S + ln N = 31.64 1 3.1227 ln ∆S + ln N = 32.327 0.9949
20 3.0407 ln ∆S + ln N = 31.511 1 3.3226 ln ∆S + ln N = 33.383 0.9969
40 3.1353 ln ∆S + ln N = 31.977 1 3.8173 ln ∆S + ln N = 36.307 0.9981
60 3.1675 ln ∆S + ln N = 32.084 1 4.074 ln ∆S + ln N = 37.776 0.9989
90 3.2365 ln ∆S + ln N = 32.367 1 4.4966 ln ∆S + ln N = 40.244 0.9949

It is easy to calculate the mean value of the experimental data and perform linear
fitting; but this is obviously not rigorous enough. The fatigue life test data of the samples
showed some randomness. The degree of corrosion and fatigue stress amplitude were
used as independent input variables of the three-parameter Weibull model S-N-η. For the
determined survival probability, the p-S-N curve can be expressed by Equation (4):

m ln ∆Sp + ln Np = ln Ap (4)

It is assumed that under the specified stress amplitude ∆S, the cumulative distribu-
tion function (CDF) of the fatigue life N is a two-parameter Weibull distribution, and its
expression is

F(N; ∆S) = 1− exp[−( N
δ(∆S)

)
β

] (5)
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where β is the shape parameter of the Weibull distribution, and δ(∆S) is a characteristic
parameter that is a function of the specified stress range ∆S. Taking the logarithms of both
sides of Equation (4), we obtain:

ln N =
1
β

ln[− ln(1− F(N; ∆S))] + ln(δ(∆S)) (6)

Comparison with Equations (4) and (7) under the specified stress range ∆S and
identical survival probability p, one of the reasonable expressions of δ(∆S) is

δ(∆S) = K∆S−m (7)

Equation (7) is a function of the mass-loss rate η. Therefore, parameter K can be
written as

K = A exp(−Bη) (8)

Parameter m is the slope of the S-N curve. The slope of the S-N curve reflects the
influence of the stress amplitude on the fatigue life under different corrosion degrees. The
slope m of S-N curve can be written as

m = C + Dη (9)

The cumulative function of the fatigue life probability of steel wire considering corro-
sion can be expressed as

F(N; ∆S, η) = 1− exp[−( ∆SC+Dη N
A exp(−Bη)

)
β

] (10)

f (N; ∆S, η) = β(
∆SC+Dη N

A exp(−Bη)
)

β

Nβ−1 exp[−( ∆SC+Dη N
A exp(−Bη)

)
β

] (11)

where N is the fatigue life, ∆S is the nominal stress range obtained from the nominal
cross-sectional area before corrosion, and η is the corrosion degree, which is quantified
on the basis of weight loss. A, B, C, D, and β are unknown parameters, which can be
estimated using the test data of all specimens; β is the shape parameter of the proposed
Weibull model.

R =
∆SC+Dη N
exp(−Bη)

(12)

A possible normalised variable R can be defined to evaluate the goodness of fit of the
model parameters [31,32]. The cumulative distribution function of the normalised variable
R can be viewed as a standard two-parameter Weibull distribution, where β is the shape
parameter, and A is the characteristic parameter. The Weibull diagram of the normalised
variable R can intuitively reflect the proposed model since fatigue samples with different
stress ranges and corrosion degrees were pooled and normalised.

Based on the experimental data, the Weibull distribution of the normalised variable
R of the two-stage corroded steel wire is shown in Figure 16, in which the estimated
value of the two-stage parameters is 360 MPa as the limit. According to the estimated
parameters, the sample of normalised variable, R, shows a significant linear trend. At 5%
significance level, the standard Weibull distribution of the normalised variable R can pass
the Kolmogorov–Smirnov test at the significance level of 5%. The proposed S-N-η Weibull
model fits well with the fatigue data of the corroded steel wire.
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Figure 16. Weibull plot of the normalized variable R for corroded steel wire. (a) ∆S ≤ 360 MPa,
(b) ∆S ≤ 360 MPa.

The S-N curves of the corroded steel wires at different degrees of corrosion are shown
in Figure 17, and the survival probabilities are 98% and 50%, respectively. As the corrosion
degree increases, the slope of the S-N curve becomes steeper. In the lower stress range,
the fatigue life of the steel wire decreases faster. With an increase in the stress range, the
fatigue life and corrosion degree curves tended to be smoother. In the lower-stress range,
the fatigue life decreased rapidly. The presence of corrosion exacerbates the decrease in the
fatigue life of steel wires at lower stress ranges, indicating that the fatigue life of steel wires
in lower stress ranges is more sensitive to corrosion.
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Figure 17. Relationship between fatigue life of pre-corroded steel wire and mass loss rate.

The fatigue life and corrosion degree of steel wires with different survival probabili-
ties under different stress ranges are shown in Figure 18. Combined with the measured
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experimental data, the fatigue data are scattered on the corresponding median curve, with
most data points between 10% and 90% survival probability.

Coatings 2022, 12, 1475 13 of 16 
 

 

  
(a)  (b)  

  
(c)  (d)  

 
(e) 

Figure 18. Fatigue life versus corrosion degree for steel wire. (a) ΔS = 270 MPa, (b) ΔS = 360 MPa, (c) 

ΔS = 450 MPa, (d) ΔS = 540 MPa and (e) ΔS = 630 MPa. 

4. Conclusions 

In this study, corrosion and fatigue tests were performed on an eleven-year service 

suspender steel wire, and an appearance test was carried out on the samples. The param-

eters of the fatigue life model, which is based on the Weibull distribution, were obtained 

from the fatigue life data of the steel wire samples. The conclusions drawn from this study 

are as follows. 

1. Corrosion has a significant effect on the surface morphology of steel wire. As the 

corrosion degree increased, the roughness Ra of the steel wire showed an increasing 

trend, and the corrosion degree increased. The corrosion pits close to each other be-

come larger, resulting in an increase in the width of the connected corrosion pits. 

2. Environmental erosion forms microscopic cracks on the surface of the steel wire, ow-

ing to the environmental erosion that leads to crack propagation, thus resulting in 

practical failure under the action of stress. The fatigue life of the corroded steel wire 

which was polished and cleaned using mechanical grinding improved by about 30% 

in a stress range of 360 MPa. 

3. According to the measured data, the stress-life-corrosion scatter diagram exhibits a 

two-stage shape. When ΔS > 360 MPa, the fatigue life of steel wire increases at a sim-

1 2 3 4 5 6 7 8 9 10 11 12 13
1.2×106

1.4×106

1.6×106

1.8×106

2×106

2.2×106

2.4×106

2.6×106

 Data

N
u

m
b

er
 o

f 
cy

cl
es

η η (%)

 p = 10%

 p = 50%

 p = 90%

 p = 98%

1 2 3 4 5 6 7 8 9 10 11 12 13
4×105

6×105

8×105

106

1.2×106

 Data

η η (%)

N
u

m
b

er
 o

f 
cy

cl
es

 p = 10%

 p = 50%

 p = 90%

 p = 98%

1 2 3 4 5 6 7 8 9 10 11 12 13

3×105

4×105

5×105

6×105

7×105

8×105

 Data

η η (%)

N
u

m
b

er
 o

f 
cy

cl
es

 p = 10%

 p = 50%

 p = 90%

 p = 98%

1 2 3 4 5 6 7 8 9 10 11 12 13

105

2×105

3×105

4×105

5×105

 Data

N
u

m
b

er
 o

f 
cy

cl
es

η η (%)

 p = 10%

 p = 50%

 p = 90%

 p = 98%

1 2 3 4 5 6 7 8 9 10 11 12 13

6×104

1.2×105

1.8×105

2.4×105

3×105

 Data

η η (%)

N
u

m
b

er
 o

f 
cy

cl
es

 p = 10%

 p = 50%

 p = 98%

 p = 90%

Figure 18. Fatigue life versus corrosion degree for steel wire. (a) ∆S = 270 MPa, (b) ∆S = 360 MPa,
(c) ∆S = 450 MPa, (d) ∆S = 540 MPa and (e) ∆S = 630 MPa.

4. Conclusions

In this study, corrosion and fatigue tests were performed on an eleven-year service
suspender steel wire, and an appearance test was carried out on the samples. The parame-
ters of the fatigue life model, which is based on the Weibull distribution, were obtained
from the fatigue life data of the steel wire samples. The conclusions drawn from this study
are as follows.

1. Corrosion has a significant effect on the surface morphology of steel wire. As the
corrosion degree increased, the roughness Ra of the steel wire showed an increasing
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trend, and the corrosion degree increased. The corrosion pits close to each other
become larger, resulting in an increase in the width of the connected corrosion pits.

2. Environmental erosion forms microscopic cracks on the surface of the steel wire,
owing to the environmental erosion that leads to crack propagation, thus resulting in
practical failure under the action of stress. The fatigue life of the corroded steel wire
which was polished and cleaned using mechanical grinding improved by about 30%
in a stress range of 360 MPa.

3. According to the measured data, the stress-life-corrosion scatter diagram exhibits a
two-stage shape. When ∆S > 360 MPa, the fatigue life of steel wire increases at a
similar rate with stress reduction. When ∆S ≤ 360 MPa, the fatigue life of steel wire
increases more consumingly with the decrease of stress. With the decrease of stress,
corrosion has more and more a significant effect on the life of corroded steel wire.

4. The fatigue data under different corrosion degrees and stress amplitudes were sum-
marized using the statistical method. The cumulative function of the fatigue life
probability of high-strength steel wires of bridge hanger rods with two stages was
established, and the stress-life-corrosion rate surface equation of steel wires with
different survival rates was provided, which can be selected according to different
design requirements.
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Appendix A

Table A1. Test data of steel wires.

No.
Accelerated
Corrosion

Time (Day)
η (%) ∆S (MPa)

Number
of Cycles

(×106)
No.

Accelerated
Corrosion

Time (Day)
η (%) ∆S (MPa)

Number
of Cycles

(×106)

1 10 2.34 270 2.4071 62 40 7.96 630 0.1252

2 10 2.45 270 2.1812 63 40 8.68 630 0.0933

3 10 2.56 270 2.2402 64 60 9.98 270 1.427

4 10 2.18 360 0.9220 65 60 9.36 270 1.5272

5 10 2.38 360 0.8943 66 60 9.69 270 1.4628

6 10 2.92 360 0.7805 67 60 10.19 360 0.5894

7 10 2.67 450 0.5892 68 60 9.98 360 0.4854

8 10 2.45 450 0.6195 69 60 9.65 360 0.5200

9 10 2.57 450 0.6054 70 60 9.80 450 0.3545

10 10 2.32 450 0.659 71 60 10.08 450 0.4587
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Table A1. Cont.

No.
Accelerated
Corrosion

Time (Day)
η (%) ∆S (MPa)

Number
of Cycles

(×106)
No.

Accelerated
Corrosion

Time (Day)
η (%) ∆S (MPa)

Number
of Cycles

(×106)

11 10 2.83 450 0.4493 72 60 9.69 450 0.424

12 10 2.66 540 0.3407 73 60 10.31 450 0.4597

13 10 2.64 540 0.3384 74 60 9.80 450 0.4294

14 10 2.35 540 0.3538 75 60 10.57 540 0.1206

15 10 2.56 540 0.3305 76 60 9.66 540 0.1481

16 10 2.40 540 0.2974 77 60 10.06 540 0.1331

17 10 2.45 630 0.2550 78 60 9.52 540 0.1113

18 10 2.40 630 0.2126 79 60 9.77 540 0.1633

19 10 2.32 630 0.2638 80 60 9.81 630 0.0807

20 10 2.34 630 0.20524 81 60 10.13 630 0.0937

21 10 2.46 630 0.1736 82 60 10.30 630 0.0969

22 20 5.36 270 1.8841 83 60 10.10 630 0.0959

23 20 5.41 270 1.9496 84 60 9.88 630 0.1096

24 20 4.97 270 1.8612 85 90 11.63 270 1.3749

25 20 5.07 360 0.8185 86 90 11.19 270 1.3276

26 20 5.20 360 0.829 87 90 11.74 270 1.2995

27 20 5.32 360 0.7679 88 90 11.29 360 0.4714

28 20 5.55 450 0.5541 89 90 11.31 360 0.4235

29 20 5.24 450 0.4942 90 90 11.56 360 0.5005

30 20 5.58 450 0.4832 91 90 11.40 450 0.2316

31 20 5.41 450 0.4967 92 90 11.46 450 0.3652

32 20 5.56 450 0.5817 93 90 11.69 450 0.3428

33 20 5.33 540 0.2636 94 90 11.83 450 0.3049

34 20 5.15 540 0.2214 95 90 11.44 450 0.3629

35 20 4.97 540 0.1985 96 90 11.60 540 0.1040

36 20 5.33 540 0.2166 97 90 11.42 540 0.0746

37 20 5.48 540 0.1966 98 90 11.57 540 0.0947

38 20 5.23 630 0.1177 99 90 11.64 540 0.1082

39 20 5.18 630 0.1567 100 90 11.30 540 0.0921

40 20 5.23 630 0.1231 101 90 11.59 630 0.0675

41 20 5.05 630 0.1639 102 90 11.69 630 0.0663

42 20 5.19 630 0.1213 103 90 11.53 630 0.0756

43 40 8.23 270 1.6914 104 90 12.05 630 0.067

44 40 8.77 270 1.737 105 90 11.31 630 0.0674

45 40 8.30 270 1.6680 Fatigue data after polishing

46 40 8.77 360 0.6841 106 10 2.29 360 1.1875

47 40 7.97 360 0.7736 107 10 2.26 360 1.2471

48 40 8.37 360 0.6715 108 10 2.34 360 1.2865

49 40 8.12 450 0.4203 109 20 5.43 360 1.0064
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Table A1. Cont.

No.
Accelerated
Corrosion

Time (Day)
η (%) ∆S (MPa)

Number
of Cycles

(×106)
No.

Accelerated
Corrosion

Time (Day)
η (%) ∆S (MPa)

Number
of Cycles

(×106)

50 40 8.39 450 0.4502 110 20 5.26 360 1.1348

51 40 8.39 450 0.4232 111 20 5.37 360 1.0956

52 40 7.51 450 0.4597 112 40 7.94 360 0.8887

53 40 7.78 450 0.4294 113 40 8.25 360 0.9773

54 40 7.74 540 0.1682 114 40 8.02 360 1.0266

55 40 8.33 540 0.2125 115 60 10.14 360 0.8010

56 40 8.66 540 0.1473 116 60 9.93 360 0.9290

57 40 8.10 540 0.1824 117 60 10.07 360 0.8136

58 40 8.46 540 0.1845 118 90 11.71 360 0.6832

59 40 8.37 630 0.1174 119 90 11.46 360 0.8350

60 40 7.87 630 0.0992 120 90 11.53 360 0.6984

61 40 8.33 630 0.0727
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